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This thesis is a graduate study on the synthesis of nanosized conductive polymers 
and its metal composites. The two purposes of the study are first, to investigate the 
reactions between polyaniline and metals, and second, to synthesize nanosized composites 
of conductive polymers and metals by different methods. 
 
The reactions of polyaniline in leucoemeraldine (LM) state with palladium ions in 
PdCl2, Pd(NO3)2, mixed solutions of PdCl2 and Pd(NO3)2 and mixed solutions of PdCl2 
and AuCl3 were investigated. The results showed that a much faster and more complete 
reduction of Pd ions to Pd0 occurred in the Pd(NO3)2 solution as compared to the PdCl2 
solution. The mixing of Pd(NO3)2 with PdCl2 appears to affect the Pd coordination states 
in solution which in turn affects the Pd uptake rate and the manner in which the Pd is 
deposited on the LM surface. In mixed solutions of PdCl2 and AuCl3, it was clearly seen 
that the presence of a small amount of AuCl3 (molar ratio of AuCl3/PdCl2 of 0.1) can 
greatly accelerate the uptake of Pd and complete removal of Pd ions from PdCl2 can be 
accomplished. When the reduction of AuCl3 was carried out in N-methylpyrrolidinone 
(NMP) solutions of polyaniline, the Au particles were of the order of 20 nm. The 
reduction of AuCl3 or Pd(NO3)2 by polyaniline in the powder form in aqueous media 
resulted in the accumulation of the elemental Au or Pd on the surface of the polyaniline 
particles. Subsequent dissolution of the polyaniline in NMP resulted in metal particles of 
about 50 to 200 nm being dispersed in the NMP solution of polyaniline. The rate of metal 
salt reduction and the size of the metal particles were found to be strongly dependent on 
the medium used, the initial ratio of metal ions to polyaniline and the reaction time. 
 VII
The coating of acrylic acid grafted low-density polyethylene (AAc-g-LDPE) films 
with a polyaniline-palladium composite layer was investigated. In the first method, 
polyaniline was first deposited on the AAc-g-LDPE, followed by reaction with Pd(NO3)2. 
This resulted in a layer of palladium being deposited on the polyaniline surface. In the 
second method, polyaniline powder was first reacted with Pd(NO3)2 and the powder was 
then treated with NMP and coated on the AAc-g-LDPE. In both methods, the amount of 
palladium deposited can be varied by controlling the reaction time and the proportion of 
palladium to polyaniline used. In the second method, nanosized palladium metal particles 
are distributed in the polyaniline coating rather then confined to the surface of the 
polyaniline layer. In both cases, the palladium metal particles confer surface conductivity 
to the LDPE substrate even with the polyaniline in the undoped state. The adhesion of the 
polyaniline-palladium coating to the AAc-g-LDPE substrate is excellent at low palladium 
content but is significantly weakened when a high palladium content interferes with the 
interactions between the polyaniline and the AAc-graft copolymerized chains. A high 
grafting density of AAc will promote better adhesion. 
 
The plasma polymerizations of aniline, pyrrole and thiophene on different surface 
functionlized LDPE substrates were investigated. For all three monomers, the results 
showed that the structures were rather different from those synthesized by conventional 
chemical and electrochemical methods. For plasma polymerized aniline, the use of AAc-
g-LDPE substrate significantly enhanced the adhesion of the plasma polymerized aniline 
layer to the substrate over that observed with pristine LDPE. The plasma polymerized 
aniline can be rendered electrically conductive if the polymerization is carried out on a 
polystyrenesulfonic acid coated low-density polyethylene (PSSA-c-LDPE) substrate. 
 VIII
Conductivity can also be induced by acid protonation of the polyaniline by HClO4. The 
reaction of the plasma polymerized aniline with viologen grafted on the substrate under 
UV-irradiation, and with AuCl3 and Pd(NO3)2 in acid solutions were also investigated. For 
plasma polymerized pyrrole and thiophene, a higher and more stable conductivity can be 
obtained with chemically synthesized polypyrrole and polythiophene, but the thin films 
generated from the plasma polymerization process are much smoother and more uniform. 
Under the conditions tested, the thickness of plasma polymerized pyrrole and thiophene 
thin layers increases almost linearly with the RF power. The modification of the LDPE 
substrates using AAc can enhance the growth and adhesion of the thin film and its 
conductivity. 
 
Selective surface deposition of aniline polymer on the surface of the LDPE 
substrate via plasma polymerization through a mask was also achieved. The further 
incorporation of metal/metal ions in the plasma polymerized aniline system was 
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The interesting redox properties of polyaniline associated with the nitrogens along 
chains (Goff and Bernar, 1993; Tan et al., 1994) provide an approach for the reduction of 
precious metal ions. The fact that polyaniline can exist in a large number of inter-
convertible intrinsic oxidation states (Kang et al., 1997) suggests that by coupling the 
metal reduction process in acid solution with an increase in the intrinsic oxidation state of 
the polymer, and the subsequent reprotonation and reduction of the oxidized polymer in 
the acid medium (Tan et al., 1994) spontaneous and sustained reduction of certain metals 
to their elemental form can be achieved. The precipitation of gold in elemental form from 
acid solution can be readily achieved using polyaniline as well as polypyrrole (Kang et al., 
1993; Ting et al., 1994). Chemical deposition of palladium from its acid solution has also 
been demonstrated (Neoh et al., 1999; Huang et al., 1998), and the deposition process and 
the state of the deposited palladium were found to be dependent on the nature of the 
anions in solution, the acidity of solution and the redox degree of polyaniline 
(Drelinkiewicz et al., 1998). A number of articles on the catalytic properties of 
electroactive polymers modified by platinum or palladium particles (Keladidopoulou et al., 
1998; Cai and Chen, 1998; Keladidopoulou et al., 1999; Higuchi et al., 1996; Yang and 
Wen, 1998; Sobczak et al., 1998) attest to the interest in such systems since electroactive 
polymers can provide an efficient route for the shuttling of electronic charges to the 
catalyst centers and hence be an attractive host medium (Rajeshwar and Bose, 1994). 
 
Other methods employed for preparing conductive polymers containing metal 
particles include the use of templates for arranging the nanoscopic metal and conductive 
polymer clusters into spatially well-defined structures (Marinakos et al., 1999), and the 
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incorporation of the metal clusters during electrosynthesis of the polymer (Rajeshwar and 
Bose, 1994; Vork et al., 1986; Noufi, 1983). There are also a number of investigations on 
the electrodeposition of metal particles on preformed conductive polymer electrodes 
(Chandler and Pletcher, 1986; Tourillon et al., 1984; Gholamian and Contractor, 1990; 
Holdcroft and Funt, 1988; Leone et al., 1992). However, this method generally suffers 
from the disadvantage that the metal particles are formed on the surface of the polymer 
and tend to form relatively larger clusters (Tian et al., 1991). 
 
Of particular interest is the dispersion of the metal particles on a nanoscale within 
the polymer matrix. Under these circumstances, the properties of these systems can be 
expected to be different from those of the conjugated polymers or metal species. A 
number of chemical, physical or electronic applications, such as electromagnetic shielding 
and catalysis, can be envisioned for these systems. In particular, one of the interesting 
possibilities is to study the interaction of polyaniline with transition metal ions with the 
subsequent reduction of these ions to produce metal nanoparticles with high surface areas 
(Huang et al., 1998).  
 
The selection of a substrate for the conductive polymers-metal systems (and for the 
subsequent work) is an issue of concern. Low-density polyethylene (LDPE) is a useful 
substrate for many experiments in the laboratory and for many applications in industry as 
well (Shi et al., 1998; Han et al., 1998; Park et al., 1998; Bikiaris and Panayiotou, 1998; 
Tung et al., 1999; Siddaramaiah et al., 1999; Wu et al., 2001). Although LDPE is a 
relatively inert substrate, it can be graft copolymerized with acrylic acid (AAc) to enhance 
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the growth and adhesion of polyaniline coating to achieve a thin conductive surface layer 
(Neoh et al., 1997). In an earlier work, Neoh et al. have shown that it is possible to obtain 
gold particles on the surface of polyaniline film coated on AAc-graft copolymerized 
LDPE (Neoh et al., 1997). The emphasis of this earlier work was to investigate how the 
electroactive polymer substrate is affected by the metal reduction process. 
 
Traditionally conductive polymers were synthesized via chemical and 
electrochemical polymerization. Recently, plasma polymerization is recognized as another 
important method to obtain thin films of conductive polymers (Cruz et al., 1999; Morales 
et al., 1999; Gong et al., 1998; Sadhir et al., 1993; Cruz et al., 1997; Groenewoud et al., 
2002; Silverstein and Visoly-Fisher, 2002). Plasma polymerization is a simpler process 
than conventional methods of polymer film forming (casting of the films from a solution) 
since fewer fabrication steps are needed in the former. It is a solvent-free, room 
temperature process which does not entail the use of chemical oxidants. Through plasma 
polymerization, ultra thin films with controllable thicknesses in the nanometer range can 
easily be formed on surfaces of substrates (Silverstein and Visoly-Fisher, 2002; Sadhir and 
Schoch, 1993). Such films have been characterized as high quality, adherent and pinhole 
free with a high degree of crosslinking and branching (Groenewoud et al., 2002; Boenig, 
1986; Yasuda, 1985). The mechanism of plasma polymerization is attributed to the 
collisions of the monomer molecules with the electrons generated by the electric 
discharges and such reactions are a major source of free radicals and negative ions (Hynek 
and Yoshihito, 1992). The polymer resulting from plasma polymerization does not contain 
regularly repeating units, the chains are branched and are randomly terminated with a high 
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degree of crosslinking. In many cases a number of free radicals are trapped that cannot 
recombine rapidly, and this results in changes in the plasma polymer network over time 
(Hynek and Yoshihito, 1992). As reported earlier, the chemical structures of plasma 
polymerized conductive polymers are rather different from conventional polymers and are 
dependent on the plasma polymerization conditions (Cruz et al., 1999; Cruz et al., 1997; 
Bhat and Wavhal, 1998).  
 
Although detailed information on the structures of chemically or electrochemically 
synthesized polyaniline, polypyrrole and polythiophene have been reported, the structures 
of the plasma polymerized aniline, pyrrole and thiophene are not clear. Most of the reports 
have focused on the conductivity, thickness and morphology of plasma polymerized 
aniline, pyrrole and thiophene film (Cruz et al., 1999; Morales et al., 1999; Silverstein and 
Visoly-Fisher, 2002; Bhat and Wavhal, 1998). Based on those previous investigations, the 
commonly recognized conclusions are: the deposition rate and film thickness are 
dependent on the carrier gas and plasma power, and hence the thickness of layer can be 
controlled; the molecular structures are different from counterparts synthesized via 
conventional methods; conductivity in plasma polymerized aniline, pyrrole and thiophene 
can be induced with I2 doping but the conductivity level is affected by environmental 
moisture, temperature, and is lower compared to other methods of preparation (Cruz et al., 
1999; Morales et al., 1999; Silverstein and Visoly-Fisher, 2002; Bhat and Wavhal, 1998; 
Sadhir and Schoch, 1993; Groenewoud et al., 2002). It has also been reported in previous 
studies that plasma polymerized aniline can be doped with HCl to enhance its conductivity 
(Gong et al., 1998; Olayo et al., 2001; Morales et al., 2000). 
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This thesis contains 9 chapters which give the details of the investigation of the 
polyaniline-metals systems and synthesis of nanosized conductive polymers-metal 
systems via chemical and plasma methods.  
 
Chapter 2 gives a review of the literature associated with this work. In Chapter 3, 
the reaction of polyaniline film in its lowest oxidation state, leucoemeraldine (LM), with 
mixed solutions of PdCl2 and Pd(NO3)2, as well as PdCl2 and AuCl3 is described. Of 
particular interest in our investigation is whether the uptake of Pd by LM from the mixed 
solutions proceeds in a manner similar to that observed in the “pure” solution since Pd can 
form a number of complexes. The use of the film form of LM also readily enables the 
investigation of how the state as well as the distribution of the metal species on the surface 
is affected by the reaction conditions. These issues are of interest since the catalytic 
properties of such deposited palladium can be expected to be dependent on the state of the 
palladium as well as the manner in which the particles are distributed. 
 
The work described in Chapter 4 is on the 3-dimensional distribution of nanosized 
metal particles in an electroactive polymer since these types of systems can be expected to 
have many interesting potential applications. Polyaniline was chosen as the electroactive 
polymer since it is soluble in NMP solution, and the deposited metal particles are expected 
to be dispersed in NMP solution of polyaniline which can then be processed. A number of 
techniques were used to characterize the metal-polyaniline systems, including UV-visible 
absorption spectroscopy, FTIR absorption spectroscopy, X-ray photoelectron spectroscopy 
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(XPS) for monitoring the changes in the chemical states of the polymer and metal species, 
and laser light scattering and electron microscopy for particle size determination. 
  
The synthesis of polyaniline-palladium composite coatings for the metallization of 
an inert substrate is described in Chapter 5. The effects of reaction conditions on the 
particle size and distribution in such systems are compared. In these experiments, 
particular attention was paid to the adhesion of the polyaniline-metal dispersion on LDPE 
substrates to obtain a stable thin coating. A number of techniques were used to 
characterize the polyaniline-palladium systems, including scanning electron microscopy 
(SEM) and laser light scattering for particle size analysis, XPS, peel test for qualitatively 
assessing the adhesion strength, and surface resistance measurements. 
 
In Chapter 6, the preparation of thin layers of plasma polymerized aniline, pyrrole 
and thiophene on different substrates is described. The first section is on the synthesis of 
thin films of aniline polymer by radio frequency (RF)-induced plasma on pristine LDPE as 
well as different kinds of functionalized LDPE substrates. The effects of the different 
functional groups on the adhesion between the polymeric thin layer and the LDPE 
substrate and the doping process were investigated. Since the energy level of the plasma 
may have a large effect on the structure and morphology of the polymer, different plasma 
powers were tested. The interactions of the polymeric thin films with metal salts were 
studied and compared with the corresponding reactions using chemically synthesized 
polyaniline. Characterization of the polymeric thin films was carried out using FTIR 
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spectroscopy, SEM, atomic force microscopy (AFM), XPS and surface resistance 
measurements. 
 
The second section of Chapter 6 describes the synthesis of pyrrole and thiophene 
thin films by radio frequency (RF)-induced plasma on pristine LDPE as well as acrylic 
acid grafted LDPE (AAc-g-LDPE) substrates. The effects of the AAc functional groups on 
the growth and adhesion of the plasma polymerized pyrrole or thiophene layer on the 
LDPE substrate, and the conductivity were investigated. Different RF powers were 
applied to investigate the effects on the characteristics of the plasma polymerized pyrrole 
and thiophene. Characterization of the pyrrole and thiophene polymeric thin films was 
carried out using the same techniques mentioned earlier. The characteristics of the plasma 
polymerized films were compared to thin films of the corresponding polymers obtained by 
in-situ chemical polymerization onto the substrates. 
 
The work described in Chapter 7 is on the selective surface deposition of 
polyaniline via plasma polymerization through a mask. By utilizing the special 
characteristics of plasma polymerization, patterns on the micro and nanoscale can be 
conveniently fabricated on surfaces of polymeric substrates through a photomask. 
Furthermore, metal incorporation on the electroactive patterns was applied to the as-
synthesized plasma polymerized aniline thin film, in view of potential applications in 
sensors, nanoelectronics, and catalysis. 
 













2.1 Overview of Conductive Polymers 
Till the early seventies there was a belief that polymers may behave either as 
insulators or semiconductors, except for the organic TCNQ-TTF crystals with the 
conductivity values up to 102 S/cm. A prominent position in the field of advanced 
polymeric materials is certainly deserved by electron-conducting polymers which are a 
new and fascinating class of polymers with unique electronic, electrochemical and optical 
properties. The investigations of conductive polymers have been undertaken by numerous 
research centers. In 1959 Natta et al. prepared polyacetylene in the presence of 
Ti(OBu)4AlEt3 as catalyst. Hatono, Ikeda et al. prepared polyacetylene and studied its 
properties. In 1974, Shirokawa with Ito and Ikeda in Japan prepared polyacetylene films 
with good mechanical strength (Ito et al., 1974). The first polymer to show metallic 
behavior was a doped, linear conjugated polyacetylene (Chiang et al., 1977), whose 
discovery represented the start of a series of interesting pieces of fundamental and applied 
research in the area of conducting polymers. This surge of activity involves synthesis 
chemists, spectroscopists, materials scientists, theoretical chemists and physicists. 
 
2.1.1 General Information of Conductive Polymers 
The structures of all conductive polymers have the same signature. Each atom 
along the backbone is involved in a π bond which is much weaker than the σ bonds that 
hold the atoms in the polymer chain together. Placed side by side, these π bonds can 
delocalize over all the atoms. The extent of delocalization of an electron in an extended π 
system is a matter of some interpretation and debate: although every electronic wave 
function is defined for any point in space, the majority of electron density is smeared over 
a relatively small volume (Tolbert and Ogle, 1990). A polaron is a type of “electronic 
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defect” that occurs within those π orbitals and is the charge carrier responsible for the 
conductivity of conductive polymers. Thus, the mechanism for charge transport in 
conductive polymers is different with inorganic conductors. The conduction mechanism of 
these polymers represents a very fundamental problem for both solid-state physicists and 
theoretical chemists, and is still not completely understood. When a polyconjugated 
system transfers (receives) electrons to (from) an electron acceptor (donor) species, a 
charge-transfer bond arises, in which the polyconjugated molecules represent a positive 
(p-doping) or a negative (n-doping) counter-ion. Structural defects are introduced in the 
polyene system which are called polarons (single charge ions) and bipolarons (double 
charge ions) and represent the charge carriers. The nature of these carriers (charge 
distribution, geometry, polarizability) is still the object of investigation; their mobility, 
which determines their conductivity, is now generally accepted as occurring mainly by 
interchain ‘hopping’. As a result of their peculiar conduction mechanism, the term ‘metal-
like conductivity’, which is generally used for these materials, is not accurate; it only 
refers to the fact that the temperature dependence of the conductivity is positive with the 
exception of HClO4 doped polyaniline which has been reported to show a negative trend 
(Kulkarni et al., 2004), and that the room temperature conductivity is of the same order of 
magnitude as that for metals or semi-metals (10-1 – 106 S/cm). 
 
The doping process can drastically change the electronic, optical, magnetic and/or 
structural properties of the polymer and increase the conductivity significantly. It was first 
applied to polyacetylene and then to a variety of other organic polymers and it was at first 
based on a strictly phenomenological approach (MacDiarmid and Epstein, 1994). After 
many polymers systems were investigated thoroughly, an understanding of the phenomena 
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slowly evolved showing that widely different processes were sometimes involved. The p-
doping or n-doping process by redox agents which either partly oxidize or reduce the π 
system of polymer and the protonation process which neither reduce nor increase the 
number of electrons associated with the polymer chains are attributed to polyacetylene and 
polyaniline respectively. Upon doping with electron-accepting or donating species, the 
conductivity of those polymers can be raised by many orders of magnitude to values 
between 1 and 103 Ω-1 cm-1 (Baeriswyl et al., 1982). Furthermore, doping was usually 
found to be reversible except when some type of complex degradation has occurred. 
 
The existing products that employ a conductive polymer and are presently 
available to consumers are in many fields, such as electrolytic capacitor, rechargeable 
battery, magnetic disk, special electrode and printed circuit (Miller, 1993), etc. Conductive 
polymers have also been proposed for potential applications as electromagnetic 
interference (EMI) shielding materials (Joo and Epstein, 1994), joining of plastic materials 
(Epstein et al., 1993), light emitting diodes (Burroughes et al., 1990) and optical 
interconnects (Mickelson, 1994), etc. In 1983 the first product based on a highly-
conducting organic material became available from Saga Sanyo, this being the electrolytic 
capacitors based on TCNQ which can be used as the view finder for a video camera, 
telephone exchanges, digital controllers, CRT displays and TV power circuits. So far, the 
existing products that employ a conductive polymer and are presently available to 
consumers are: polyaniline can be used in loudspeaker, dispersible conducting polymer 
power, highly transparent ultra thin coatings and etc; polypyrrole can be used in 
electrolytic capacitor, static dissipation wrist rest, camouflage coverings and etc; and 
polythiophene can be used in antistatic films and bags (Miller, 1993). 
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2.1.2 Polyaniline, Polypyrrole and Polythiophene 
Extensive studies have been made on the synthesis and characterization of 
conductive polymers, such as polyacetylene, polyaniline, polypyrrole, polythiophene, 
poly(phenylene sulfide), poly(p-phenylene vinylene), and their derivatives and analogues, 
during the last two decades. Although the polyaniline has been known for more than 150 
years since its synthesis by Runge in 1834 (Letheby, 1862; Green and Woodhead, 1910, 
1912; MacDiarmid and Epstein, 1989), it is being studied more and more and has been the 
center of considerable scientific interest due to its many interesting properties such as 
environmental stability, controllable electrical conductivity and redox properties 
associated with the chain nitrogens, and potential applications such as conductive 
membrane, thin film electrodes, protective coating on photoelectrode, batteries and other 
electrochemical applications. Continuous progress in the chemistry of these materials has 
enabled the preparation of pure systems in the form of solutions, films, and fibers 
(Angelopoulos et al., 1987; 1988a; 1988b; Cromack et al., 1989; Tang et al., 1989; 
Andreatta et al., 1988). 
 
The conventional methods to prepare polyaniline are chemical and electrochemical 
polymerization. The chemical synthesis is usually carried out in an acid medium, 
especially in sulfuric acid at pH between 0 and 2 (Hand and Nelson, 1978; Genies et al., 
1985; Kuzmany and Sariciftci, 1987; Travers et al., 1988), whereas MacDiarmid et al. 
used hydrochloric acid at pH 1 (MacDiarmid et al., 1985). Aniline is mixed with a 
chemical oxidant, such as ammonium peroxydisulfate, in a reaction vessel and left for a 
period of time with constant stirring. Depending on the temperature and the concentration 
of the active species, the solution gradually changes color and a black precipitate appears 
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(Yu et al., 1987). In chemical polymerization, the oxidizing force is supplied by a 
chemical oxidant in the solution. While in electrochemical polymerization, a strongly 
acidic solution is needed to obtain a conductive polymer film on the electrode. From the 
practical point of view, water-soluble polyaniline is much desired. Thus, several water-
soluble polyanilines in the doped conductive form have been successfully synthesized 
(Chen and Hwang, 1994; Chen and Hwang; 1995; Chan et al., 1995; Shimizu et al., 1997; 
Lee et al., 1997; Ito et al., 1998).  
 
The various intrinsic oxidation states of polyaniline and protonated states were 
firstly suggested by Green and Woodhead (Green and Woodhead, 1910, 1912). From 
1960s to 1980s, the works of others continued to provide better and further understanding 
of polyaniline (Surville et al., 1968; MicDiarmid et al., 1985; Genies et al., 1985; Ohsaka 
et al., 1984). Polyaniline can be described as poly (1,4-phenylene-p-phenylenediamine-co-
1,4-phenylene-p-benzo-quinodiimine) with the following formula: 
{[—(C6H4)—NH—(C6H4)—NH]y—[(C6H4)—N═(C6H4)═N—]1-y}x. 
In theory, y may vary from 0 to 1 and experimentally, y is usually found to be close to 0.5, 
which describes the 50% oxidized emeraldine base form (EM). When y=1, the polymer is 
in its fully reduced form known as the leucoemeraldine (LM). The synthesis and 
characterization of the EM and LM oxidation states of polyaniline have been well 
documented (Green and Woodhead, 1910a; 1910b; Tan et al., 1991). The fully oxidized 
form is know as pernigraniline (NA) with y=0 and was first reported by Green and 
Woodhead (Green and Woodhead, 1910a; 1910b). These three forms are stable oxidation 
states that can be reversibly switched, with the middle state being the most conductive. 
The oxidation and the reduction of polyaniline can be effected chemically or 
 14
electrochemically, irrespective of the method employed for the synthesis. Jozefowicz 
proposes two reaction sequences for the oxidation of the polymer (Yu et al., 1987): 
1. The redox reaction occurs without modifying or degrading the polymer chain by a 
reversible amine-imine-type transformation. 
2. The redox reaction modifies the polymer by rupturing the chain with subsequent 
hydrolysis which yields a quinonic structure. 
 
Polyaniline has an electronic conduction mechanism that seems to be unique 
among conductive polymers, as it is doped by protonation as well as undergoing the p-
doping described above. In protonation process, the imine sites are protonated 
preferentially to give the bipolaron form (Bredas et al., 1982). In the p-doping process, it 
results in the formation of a nitrogen base salt rather than the carbonium ion of other p-
doping polymers (Chiang and MacDiarmid, 1986). Therefore, its conductivity depends on 
both the oxidation state of the polymer and the degree of protonation. Additionally, it has 
been proposed that secondary doping can be applied to polyaniline and the newly 
enhanced properties may persist even upon complete removal of the secondary dopant 
(MacDiarmid and Epstein, 1994). 
 
Polypyrrole has attracted considerable scientific interest due to its good electric 
conductivity and relatively good thermal stability. The electrochemical and/or chemical 
synthesis of the pristine and doped polypyrrole and the many problems to be faced and 
solved are fully documented in specialized papers (Street, 1986). It has been shown that 
while polypyrrole in the oxidized states (doped) is chemically very stable and conductive, 
pristine polypyrrole is unstable and can be easily oxidized or decomposed and/or reacts 
 15
with unwanted side reactions (Munstedt, 1986). The electrical properties of polypyrrole 
have been studied from different perspectives, namely as a function of temperature, 
dopants during or after the polymerization and as a function of the environmental moisture. 
The first preparation of polypyrrole, which also represents the first electrochemical 
synthesis of a conducting polymer, dates back to the work of an Italian research group 
(Diaz et al., 1979). Good quality films were not obtained until some years later (Kanazawa 
et al., 1980; Diaz and Kanazawa, 1981; Diaz et al., 1981), when the importance of the 
electrochemical approach to the synthesis of conducting polymers became apparent, due 
to the possibility of real control on deposition and growth conditions. Polypyrrole can also 
be prepared by chemical polymerization in suitable solvent (Aizawa et al., 1984; Iyoda et 
al., 1986; Machida and Miyata, 1987). Machida et al. synthesized polypyrrole in FeCl3 
solution with methanol solvent with a conductivity as high as 190 S/cm (Machida et al., 
1989).    
 
Polythiophene is a material which is the center of interest of many researchers for 
its possible applications as transistors, light emitting diodes and sensors (Hotta, 1997). It 
shows high conductivity when doped, large third order non-linear optical properties and it 
has been used as a semiconductive active material in the first attempt to build MISFET 
devices (Tourillon, 1986). Of more relevant practical importance is the fact that its alkyl-
derivatives are soluble thus opening new horizons for workable conjugated polymers. 
Polythiophene has also been prepared by chemical and electrochemical methods 
(Tourillon, 1986). Chemical synthesis has been achieved using a series of initiators 
(Yamamoto et al., 1980; Lin and Duck, 1980; Hatta et al., 1983; Kobayashi et al., 1984; 
Mermilliod-Thevenin and Bidan, 1985; Inoue et al., 1988). Electrochemical synthesis is 
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generally performed in a classic three-electrode cell. The monomer is dissolved in the 
electrolytic medium which typically consists of an organic solvent with a supporting 
electrolyte. Polythiophene has been also synthesized from the dimer (bithiophene) or the 
trimer (terthiophene) that have the same structural architecture (Chung et al., 1984; 
Tourillon and Jugnet, 1988) as the starting moieties.  
 
The mechanism of thermal undoping has been associated with thermal mobility. 
Consequently, various workers have considered synthesis of random copolymers with 
well-distributed octyl side groups leaving space around the main chains to accommodate 
dopants (Pei et al., 1993). Polythiophene was immediately the subject of a great deal of 
attention when it was shown to exhibit a remarkable stability in air and water (Tourillon 
and Garnier, 1982), indicating its potential use for practical applications such as secondary 
batteries and display devices. 
 
2.2 Synthesis and Characterization of Polyaniline-Metals Systems 
In the recent years, one can observe a growing interest in conductive polymer-
metal systems since such incorporation of metals is known to enhance conductivity of the 
polymer, be applied as novel catalysts for a great number of synthetic reactions and allow 
metal-ligand interactions to be explored. Therefore, studies of interactions between 
conductive polymers and metal ions are essential from both a theoretical and application 
point of view. The conductive polymers are more suitable for hosting metallic 
microparticles than the fixed redox-site polymers because conductive polymers have 
multi-coordination sites to give multi-nuclear complexes (Tourillon and Garnier, 1982). 
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Complexation of transition metals to a conjugated organic ligand possessing relevant 
redox functions provides a potentially important redox system. 
 
In the case of polyaniline, the quinonediimine moieties of the EM base participate 
in coordination with the formation of multi-nuclear complexes. Electronic communication 
is considered to be permitted between metals through a conjugated backbone chain (Hirao, 
2002). The characterization of complex formed from some transition metal salts and EM 
reveals that complex formation conditions are dependent on both the cation and anion of 
the inorganic salt used, as well as on the solvent environment. In some cases, formation of 
the complex occurred in the form of a precipitate directly in the solution. In other cases, 
no precipitate was observed in the solution. However, the complex was recognized during 
film casting from the polyaniline - inorganic salt solution (Dimitriev, 2003). Therefore, 
polyaniline can be particularly attractive as a host for confining the catalyst particles since 
this medium potentially provides an efficient route for the shuttling of electronic charges 
to the catalyst centers. It was reported that polyaniline accepts the metal's electrons to its 
Fermi level, thus producing a Schottky barrier. Hence, the potential at the metal/polymer 
contact does not depend on the metal’s nature; it approaches the aniline intrinsic redox-
potential (Nazarov and Thierry, 2003). Combined with the properties of convertible redox 
states, it may be expected that a large variety of transition metal complex anions existing 
in acidic solutions can be introduced into polyaniline via its protonation which is also 
known as metallization. Several papers describing the preparation of metal ions or 
particles dispersed in polyaniline have been published; for example, polyaniline-Pt 
(Laborde et al., 1994), polyaniline-Pd (Li et al., 1995), polyaniline-Ag (Zhang et al., 1995), 
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polyaniline-Ru (Barth et al., 1997), polyaniline-Au (Neoh et al., 1997), polyaniline-Hg 
(Langmaier and Janata, 1992) and so on. Recently, incorporation of lithium and zinc 
cations into polyaniline via “pseudoprotonation” of the EM base with the appropriate ionic 
salt has been reported (Chen and Lin, 1995). The complexation of polyaniline with Cu in 
CuCl2 NMP solutions has also been reported (Higuchi et al., 1996). 
 
2.2.1 Polyaniline-Palladium Systems 
Among the investigations of polyaniline-metal systems, the works on polyaniline-
Pd systems appear to be more important and attractive. Modern palladium chemistry 
developed very rapidly after the ingenious Wacker process had been invented in 1958. 
After that, many new reactions involving palladium compounds have been discovered in 
the last 40 years. Many unique reactions are possible with the use of palladium 
compounds as stoichiometric reagents as well as catalysts (Tsuji, 1980). Catalytic cycle 
and catalytic reactions are the two main groups for palladium chemistry. In catalytic cycle, 
Pd(0) can be reoxidized in situ properly to Pd(II) compounds. A catalytic reaction can also 
be carried out with Pd(0) without oxidation (Malleron et al., 1997). For these reasons, 
significant efforts on the incorporation of palladium into conducting polymers have been 
made since the early 1980s (Tourillon and Garnier, 1984; Kost et al., 1988; Yassar et al., 
1988; Langmaier and Janata, 1992; Leone et al., 1992; Zhang et al., 1995; Higuchi et al., 
1996; Huang et al., 1998; Sobczak et al., 1995; Drelinkiewicz et al., 1999). Polyaniline 
doped with palladium compounds was found to be a selective catalyst in hydrogenation 
reactions (Sobczak et al., 1998, 2000; Drelinkiewicz et al., 1999; Huang et al., 1998). A 
further research reported by Abrantes et al. which applied polyaniline incorporated with 
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palladium at various oxidation states indicates that it is promising material for the catalytic 
electrohydrogenation of organic compounds (Abrantes and Correia, 1995). Huang et al. 
concluded that the rate of palladium uptake was significantly higher when the polymers 
were reduced to their lowest oxidation state, and the rate of the reaction and the state of 
the palladium incorporated into the polymer matrix were dependent on the nature of the 
anions in solution (Huang et al., 1998). Li et al dispersed palladium clusters in polyaniline 
film by various preparation routes which can be classified as one- or two-step processes 
(Li et al., 1995). Furthermore, it has been reported that substitution of one hydrogen atom 
in polyaniline ring with –Cl and –CH3 influences the basic and redox properties of the 
parent polymer and the lowest reactivity towards palladium ions has been observed in the 
case of poly(o-chloroaniline) (Hasik et al., 2001). A similar conclusion has been reported 
by them when the reaction is in organic solvent (Hasik et al., 2001). From XANES 
measurements, Sobczak et al found that in the polyaniline–Pd catalyst the 
tetrachloropalladate ion [PdCl4]2- is coordinated to the amine part of the polymer chain 
and is responsible for specific catalytic properties (Sobczak et al., 2001). A thorough 
investigation of palladium complexes present in PdCl2 aqueous solutions of various 
acidity have been reported that a partial reduction of Pd(II) ions to Pd0 takes place with 
concomitant oxidation of EM towards pernigraniline at low acidity (0.66 x 10-3 M HCl) 
containing predominantly electrically neutral [PdCl,(H2O)2] complexes, whereas in the 
highly acidic solutions (2M HCl) containing predominantly anionic [PdCl4]2-, 
[PdCl3(H2O)]- complexes there are spectroscopic indications of the formation of a 
coordination bond between palladium ions and nitrogen atoms of polyaniline 
(Drelinkiewicz et al., 1998; Hasik et al., 1997; Drelinkiewicz and Hasik, 2001). Kumar et 
al. suggested that Pd(II) forms a square planar complex with chloride ion in polyaniline 
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matrix (Kumar et al., 1995). A polyaniline matrix facilitates the formation of fine Pd 
deposits (particle size of 8-10 nm) as compared with Pt deposits (~ 40 nm) during the 
potential cycling (Maksimov et al., 1999). The chemical and structural surface-aging 
effects brought about by the presence of water in EM doped with Pd or Pt protonic acids 
were studied. The unique form of catalytically active centers therein was the surface 
complex [PdCl4]2- which gives rise to a peak at a binding energy (BE) at 337.7 eV in the 
XPS Pd 3d5/2 core-level spectrum (Sobczak et al., 1998).  
 
2.2.2 Other Polyaniline-Metals (Gold, Copper, Iron etc.) Systems 
Besides palladium, extensive investigations of polyaniline-Au systems have also 
been conducted. The reduction of chloroaurate and the incorporation of Au clusters into 
polyaniline films have been reported (Hatchett et al., 1999). Through investigations of 
how the rate and extent of the metal reduction are affected by the intrinsic redox states of 
polyaniline and the effective surface area, Neoh et al. showed that it is possible to obtain 
Au0/N mole ratio of substantially higher than 1 on the surface of the polyaniline films 
(Neoh et al., 1997). In the sorption of Pt, Pd, Ir and Au on polyaniline, Kumar et al. 
indicate that the sorbed Au complex is reduced to metallic gold on sorption while Pt and Ir 
are present in coordination states (Kumar et al., 1995). The sorption of Au ions by 
polyaniline from H2SO4 at a higher rate than that from HCl solutions was reported earlier 
(Kumar et al., 1995). Kim et al. introduced polyaniline as a conductivity-modulating agent 
on the gold surface after immobilizing an antibody specific to human albumin used as 
model analyte, This novel signal generator amplified the conductimetric signal 4.7 times 
compared with the plain gold, and the maximum signal was also 2.3-fold higher than that 
from the photometric system under the same analytical conditions (Kim et al., 2000). 
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Gold-decorated latexes were successfully synthesized by Khan et al. via 
polyaniline/polypyrrole redox templates (Khan et al., 2001). Choi and Park successfully 
obtained polyaniline nanowires and nanorings using the electrochemical growth on gold 
electrodes modified with self-assembled monolayers (SAMs) of well-separated thiolated 
cyclodextrins in an alkanethiol "forest" (Choi and Park, 2000). 
 
Ferreira et al. investigated the interactions between polyaniline and ruthenium 
complex, mer-[RUCl3(PP)(py)] (PP= biphosphine, py= pyridine), in cast films and in 
Langmuir-Blodgett (LB) films (Ferreira et al., 2003). Recently, Fahlman et al. studied the 
interface formation between iron and EM which was carried out for Fe sputter-deposited 
on EM polymer films (Fahlman et al., 2003). Similar work was conducted by Rout et al., 
where the conductivity and the charge transfer of polyaniline - ferrous composite were 
reported in detail (Rout et al., 2003). For potential applications as cathode in rechargeable 
battery, Gurunathan et al. studied the polyaniline/TiO2 composites (Gurunathan et al., 
2003). Chandrakanthi and Careem successfully incorporated CdS and Cu2S nanocrystals 
into a polyaniline matrix and proved that the particle sizes can be controlled by adjusting 
the concentration of the additives (Chandrakanthi and Careem, 2002). A novel electroless 
deposition of copper to polyaniline was suggested by Chen et al. They successfully 
obtained the palladium deposited on polyanilne polymerized from glass surface silanized 
by (3-glycidoxypropyl)trimethoxysilane (GPS), which could give rise to the strong 
adhesion of copper to the glass surface (Chen et al., 2001). 
 
Viehbeck et al. described a seeding process for activating the surface of conductive 
polymers (Viehbeck et al., 1990). This process consists of reducing electrochemically the 
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outer region of such materials when these materials are brought into contact with an 
electrolyte solution containing a strong organic reducing agent. In this way, the 
electroactive surface is used to provoke electron transfer to metal ions in solution causing 
metals to be deposited at the surface. The deposition of such metals renders the polymer 
surface active towards further metal deposition from conventional electroless plating baths. 
Besides, Baum (Baum et al., 1991) described a selective process based on the 
photoreduction of potassium iron oxalate in the presence of palladium chloride which 
results in the formation of an active palladium catalyst. More recently, a new method for 
simplifying the conventional processes for sensitizing and/or activating the polymer 
surfaces has been reported by Charbonnier et al. (Charbonnier et al., 1996). These 
processes are performed using O2, NH3 or N2 plasma treatments. Direct palladium 
chemisorption onto nitrogenated groups was highlighted. This allows one to simplify the 
process making the surface catalytic via elimination of the use of SnCl2 and to extend the 
method to any polymers. 
 
2.3 Synthesis of Nanosized Conductive Polymers 
 Another topic which has been the focus of much recent research activity and 
interest is the synthesis, structure and properties of conductive polymer nano-systems. The 
organization of materials on the nanoscale is an important objective of chemists and 
materials scientists. Materials with nanoscopic dimensions are of fundamental interest in 
that the properties of a material can change in this regime of transition between the bulk 
and molecular scales. Control over the spatial arrangement of nanoscopic building blocks 
often leads to new materials with chemical, mechanical, optical, or electronic properties 
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distinctly different from those of their component parts (Ozin, 1992; Snover and 
Thompson, 1994; Cao et al., 1991; Wang and Herron, 1996; Araki et al., 1996; Davis et al., 
1996; Delamarche et al., 1998; Caro et al., 1992; Cepak et al., 1997; Zelenski and Dorhout, 
1998). Nanomaterials have numerous possible commercial and technological applications 
including use in electronic, optical, and mechanical devices (Ozin, 1992; Devoret et al., 
1992; Jewell et al., 1991), drug delivery (Gref et al., 1994), and bioencapsulation 
(Parthasarathy and Martin, 1994). A few excellent examples of chemical routes to 
nanostructured materials and thin films are zeolite synthesis, porous membrane template 
synthesis, layer-by-layer inorganic, colloidal particles, and polymer polyelectrolyte 
assembly, and microcontact printing (Marinakos et al., 1999).  
 
2.3.1 Synthesis of Nanosized Conductive Polymers by Template Method 
Among the different strategies to synthesize nanoscopic materials reported in 
literature, the use of nanoporous host materials as templates is an elegant approach (Ozin, 
1992). Martin et al. have explored a method termed “template synthesis” (Penner and 
Martin, 1986; Cai and Martin, 1989; Cai et al., 1991; Martin and Parthasarathy, 1993; Van 
Dyke and Martin, 1990; Liang and Martin, 1990; Foss et al., 1992; Martin, 1991; Brumlik 
and Martin, 1991; Klein et al., 1993). This method entails the synthesis of the desired 
material within the pores of a nanoporous membrane. Because the membranes used 
contain cylindrical pores of uniform diameter, monodisperse nanocylinders of the desired 
material, whose dimensions can be carefully controlled, are obtained. This ''template'' 
method has been used to prepare polymers, metals, semiconductors, and other materials on 
a nanoscopic scale (Martin, 1994; 1996; Hulteen and Martin, 1997; Cepak and Martin, 
1999). Wu and Bein have used this method to prepare conductive polymer nanofibrils 
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with diameter of 3 nm (Wu and Bein, 1994). Other research groups also reported on 
conducting polymers (mainly polypyrrole) with controlled fibrilar morphology by this 
method (Mansouri and Burford, 1994a, 1994b; Granstrom and Inganas, 1995; Granstrom 
et al., 1995). The polyaniline and poly(2-methoxyaniline) nanotubes were prepared by 
chemical in situ deposition within the pores of polycarbonate membranes (Mazur et al., 
2003). Sukeerthi and Contractor show that disordered and open nano-sized polyaniline can 
be obtained if the template, polycarbonate in this case, is treated with a surfactant like 
Triton X 100 (Sukeerthi and Contractor, 1998). The disordered material therefore shows 
larger changes in conductivity, about a factor of 10-12 larger, than the ordered material on 
switching from insulating to conducting state (Sukeerthi and Contractor, 1998). Wang et 
al. synthesized uniform and ordered polyaniline nano-fibrils within the anodic aluminum 
oxide template (Wang et al., 2002). Delvaux found that nanoscopic polyaniline show an 
enhancement of the electronic conductivity compared to analogous polymer bulk 
conductivity (Delvaux et al., 2000). Demoustier-Champagne et al. have developed a new 
template, nano-PTM, to synthesize nanoscale polymers including polyaniline and 
polypyrrole (Piraux et al., 1997; Demoustier-Champagne and Legras, 1998; Demoustier-
Champagne et al., 1999). 
 
The preparation of nanowires and nanosized capsules of different materials using 
the template method have recently attracted wide attention in view of possible future 
applications in area such as photocatalysis, electrochemistry, battery research and enzyme 
immobilization. A new procedure for preparing free-standing gold nanowire arrays which 
based on the template method has been reported (Forrer et al., 2000; Marinakos et al., 
1999). Marinakos et al. developed the template method to synthesize hollow nanometer-
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sized conductive polymer capsules from gold nanoparticles (Marinakos et al., 1999). Joo 
et al. synthesized nanowires of conducting polypyrrole, poly(3,4-ethylenedioxythiophene), 
and polyaniline through electrochemical polymerization method. In their work, the 
diameter and length of as-synthesized nanotube and nanowire were close to 200 nm and 
10 µm – 40 µm, respectively (Joo et al., 2003).  
 
Hulteen and Martin summarized the general template-based approach for the 
preparation of nanomaterials. This method, which is a very general approach in the 
fabrication of nanotubes and fibrils composed of a variety of materials including polymers, 
metals, semiconductors, carbons, and other materials, involves the synthesis of a desired 
material within the pores of a nanoporous membrane (Hulteen and Martin, 1997). 
Furthermore, Huczko reviewed various template techniques suitable for nanotechnology 
applications with emphasis on characterization of created arrays of tailored nanomaterials. 
These methods involve the fabrication of the desired material within the pores or channels 
of a nanoporous template such as track-etch membranes, porous alumina, and other 
nanoporous structures (Huczko, 2000).  
   
2.3.2 Other Popular Methods in the Synthesis of Nanosized Conductive Polymers (or 
Composites)  
 Other methods to synthesize nanosized systems containing conductive polymer 
have also been extensively investigated. Polyaniline and polypyrrole have been 
synthesized in the form of nanocomposites using ultra-fine SiO2 particles (Maeda and 
Armes, 1993; Gill et al., 1992). Neoh et al reported metal uptake from AuCl3 and PdCl2 
solutions with the use of these materials (Neoh et al., 1999). The surface-area 
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measurements on conductive polymer-inorganic oxide nanocomposites, such as 
polypyrrole-silica, polyaniline-silica and polypyrrole-tin oxide colloidal nanocomposites, 
have been reported (Maeda and Armes, 1995). Polyaniline/nano-SiO2 particle composites 
were prepared through ultrasonic irradiation in the presence of two types of nano-SiO2: 
porous nanosilica and spherical nanosilica, which led to a core-shell structure (Xia and 
Wang, 2003). A composite of polyaniline encapsulating multi-wall carbon nanotube 
(MWNT) composite has been synthesized by in-situ emulsion polymerization with a 
diameter of the nanocomposite tube of about 60-70 nm (Feng et al., 2003).  
 
New supported polypyrrole nanocomposites have been prepared by self-supported 
sheets of fibrous cerium(IV) hydrogenphosphate (CePf) as the inorganic matrix which has 
the fibrous morphology making molding possible and giving a desired shape to the final 
polypyrrole / CePf conducting nanocomposites (Verissimo and Alves, 2003). Results of 
charge-transport and magnetic measurements of nanotubular polyaniline composites 
containing Fe3O4 nanoparticles (≈ 10nm) synthesized by a "template-free" method have 
been reported (Long et al., 2003). Wan et al. applied self-assembled method to synthesize 
nanostructures (nanotubes, nanofibers, hollow spheres) of conducting polymers and their 
functionalized composite nanostructures (Wan et al., 2003). Nanocomposite material of 
mesoporous molecular sieve, MCM-41, with conducting polyaniline inside its channels 
has been synthesized (Choi et al., 2003). The work of Anaissi et al. (Anaissi et al., 2003) 
focuses on the preparation and properties of novel ternary composites generated from the 
redox polymerization of aniline inside the lamellar bentonite-vanadium (V) oxide (BV) 
matrix. These materials are stable in water and the usual organic solvents, and their good 
electrical conductivity ensures potential applications as electrode modifiers, for analytical 
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and sensor purposes. After Vivekchand et al. reported that polyaniline nanotube 
composites can be synthesized by "in situ" polymerization processes using both multi-wall 
carbon nanotubes and single-wall carbon nanotubes (Vivekchand et al., 2002), Maser et al. 
made further investigations on the electronic interactions between the nanotubes and the 
quinoid ring of polyaniline leading to enhanced electronic properties and thus to the 
formation of a genuine composite material (Maser et al., 2003). The polymerization of 
thiophene with FeCl3 and nanodimensional Al2O3 resulted in the formation of a 
nanocomposite which was partly dispersible in aqueous and non-aqueous media. SEM and 
TEM analyses revealed the particle size of the composite to be in the range 22-74nm 
(Ballav and Biswas, 2003). Although oriented carbon nanotubes, oriented nanowires of 
metals, semiconductors and oxides have attracted wide attention, there have been few 
reports on oriented polymer nanostructures such as nanowires. Liu et al. reported on the 
assembly of large arrays of oriented nanowires containing molecularly aligned polyaniline 
without using a porous membrane template to support the polymer (Liu et al., 2003). With 
an average diameter of 80-100 nm, nanostructures (nanorods or nanotubes) of polyaniline 
composites containing Fe3O4 nanoparticles (diameter approximate to 10 nm) were 
prepared by a template-free method in the presence of beta-naphthalene sulfonic acid 
(NSA) as a dopant. Polyaniline-NSA/Fe3O4 nanostructures exhibited a superparamagnetic 
behavior (i.e. no hysteresis loop) and their conductivity was around 10-2 S/cm (Zhang and 
Wan, 2003). 
 
2.4 Plasma Polymerization of Conductive Polymers 
It has been known for many years that surfaces exposed to an electrical discharge 
operated in a gaseous atmosphere containing organic vapors or gases are covered with 
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insulating deposits. Polymerization caused by such technique was systematically studied 
by Christy (Christy, 1960), followed by other investigations (Christy, 1964; Mann, 1964; 
Holland and Laurenson, 1964; Gregor, 1968; Mearns, 1969). The first polymerization 
ignited by plasma was noted by Grassie and Melville who observed polymer films on the 
walls of a chamber containing methyl methacrylate vapors after illumination by an 
ultraviolet light (Grassie and Melville, 1949). As Tibbitt suggested in the report that the 
initiation is the production of free radicals via electron-monomer collisions in the gas 
phase (Tibbitt et al., 1977). This is followed by “propagation”, either homogeneous 
(monomer molecule reacts with hydrogen atom or free radical in a gas phase) or 
heterogeneous (surface free radical reacts with an absorbed monomer molecule or 
monomer arriving from the gas phase), and the “termination” step which involves 
reactions of free radicals (or hydrogen atoms) on the substrate or in the gas phase or even 
combined. Hynek and Yoshihito concluded that the typical mechanisms of plasma 
polymerization were ionic mechanism, radical mechanism and atomic mechanism (Hynek 
and Yoshihito, 1992). 
 
In recent years, the plasma polymerization technique has been explored to produce 
polymer films that are not easily produced in situ as films by other techniques. Compared 
to conventional methods of polymer film production (casting from solution and forming 
on the electrode), the advantages of this technique are that film formation begins from 
reactions in the gas phase, which then propagate and are completed at the nearest surface. 
Therefore, the outstanding feature of the plasma technology is the ability to alter the 
process parameters: power, frequency, monomer partial pressures, flow rates, etc., so as to 
obtain thin polymer films with a wide range of adhesive, dielectric, optical, surface, 
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mechanical, thermal and diffusion properties. For example, the energy levels of the plasma 
particles play an important role in the structure and morphology of the plasma 
polymerized monomer during the synthesis by plasma (Olayo et al., 2001). Through 
control of the reaction time, Sadhir and Schoch obtained plasma polymerized thiophene 
thin films from 50 Å to a few microns (Sadhir and Schoch, 1993). Additionally, plasma 
polymerized monomer can be deposited on many kinds of substrates, ranging from metals 
to semiconductors to dielectrics (mostly glass and silica). However, crosslinking reactions 
that may enhance some mechanical properties in the plasma polymerized monomer can 
adversely affect the material in another way. It has been noticed that even if a traditional 
monomer is used, the resulting film from the plasma polymerization process is very 
different from the corresponding conventional polymer film (Hynek and Yoshihito, 1992; 
Gong et al., 1998; Cruz et al., 1999; 1998; Groenewoud et al., 2002). From their work, it is 
concluded that the root cause for this difference is due to the absence of regularly 
repeating units in the branched and randomly terminated chains with a high degree of 
crosslinking. Furthermore, Hynek and Yoshihito reported that free radicals are trapped in 
many cases which change the plasma polymerized monomer network over time (Hynek 
and Yoshihito, 1992). 
 
2.4.1 Plasma Polymerized Aniline Systems 
There is not much information about plasma polymerized aniline. Bhat and Joshi 
synthesized polyaniline via plasma using RF inductive coupling mechanism (Bhat and 
Joshi, 1994). Cruz et al. obtained plasma polymerized aniline and I2-doped plasma 
polymerized aniline films that are adherent to glass and metal surfaces (Cruz et al., 1997). 
In this work, Cruz et al. found that some benzene rings are broken by the discharge energy 
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and the thermal decomposition of plasma polymerized aniline increases at 150 °C – 300 
°C in N2 atmosphere compared to the chemical or electrochemical synthesized polyaniline. 
They also demonstrated that plasma polymerized aniline doped with I2 can increase its 
conductivity by several orders. Olayo et al. further indicated that the conductivity of 
plasma polymerized aniline is a function of the iodine content which in turn is a function 
of the combined conditions of both reactor and plasma (Olayo et al., 2001). Mathai et al. 
reported that dominant conduction mechanism in plasma polymerized aniline films doped 
with iodine is of Schottky type (Mathai et al., 2003). Morales et al. studied the influence 
of temperature and humidity on the conductivity of plasma polymerized aniline (Morales 
et al., 2000). Hernandez et al. and Fally et al. investigated the relationship between the 
C/N ratio of the plasma polymerized aniline and the plasma power input (Hernandez et al., 
1984; Fally et al., 1992). Even though the results from the two different groups are 
contradictory, the implication is that there is considerable room for tailoring the chemical 
composition even at the constant excitation frequency of 13.56 MHz. The chemical and 
physical characteristics of the plasma polymerized aniline films change significantly with 
discharge conditions, indicating the possibility for controlling the structure and properties 
of the plasma polymerized aniline by optimizing the discharging conditions (Gong et al., 
1998). 
 
2.4.2 Plasma Polymerized Pyrrole Systems 
 
Similar to the case of plasma polymerized aniline, not much material has been 
reported for plasma polymerized pyrrole. Through the investigations of plasma 
polymerized pyrrolidone using the variable duty-cycle pulsed-plasma conditions, Han and 
Timmons provided support for use of the pulsed operational mode as an effective means 
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of film chemistry control, in particular for extending the plasma polymerization technique 
to include synthesis of linear polymers, in lieu of the more highly crosslinking structures 
typically produced in conventional continuous-wave plasma polymerization processes 
(Han and Timmons, 1998). Cruz et al. studied the conductivity, thickness and morphology 
of iodine doped plasma polymerized pyrrole as a function of its reaction time and the 
environmental moisture content (Cruz, 1999). Similar work was reported by John and 
Kumar (John and Kumar, 2002). Furthermore, Kumar et al. deduced the chemical 
structures of plasma polymerized pyrrole from IR results of iodine doped plasma 
polymerized pyrrole (Kumar et al., 2003). Borros et al. suggested that the RF power and 
gas pressure are straightforward to control for changing the deposition rate of plasma 
polymerized pyrrole and the adhesion of such film to substrates (Borros et al., 1999). The 
study focused on the influence of the monomer mass ratio on the structure of the plasma 
polymerized aniline-pyrrole “copolymer” and the results showed that the copolymers with 
iodine have better conductive properties at lower relative humidity and that the 
copolymers without iodine are more stable at moderately high temperatures (Morales et al., 
2002). They also studied the conductivity of plasma polymerized aniline-pyrrole “bilayer” 
during heating-cooling cycles (Morales et al., 2002). Lee et al. successfully improved the 
conductivity of field-effect transistor (FET) based on plasma polymerized pyrrole from  
10-9 S/cm to 10-6 S/cm by thermal treatment under nitrogen atmosphere (Lee et al., 1993). 
This research group further investigated the electrical and photoelectrical properties of 
such films using as a semiconductor device between two planar electrodes (Park et al., 
1994). 
 
2.4.3 Plasma Polymerized Thiophene Systems 
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As doped polythiophene is known for its high and stable conductivity (Tourillon, 
1986), thiophene is often used as a monomer in plasma polymerization (Tanaka et al., 
1990, 1991; Sadhir and Schoch, 1992; 1993; 1995; Giungato et al., 1996; Kiesow and 
Heilmann, 1999; Groenewoud et al., 2000). As the pioneers, Sadhir and Schoch first 
pointed out that by carefully choosing the plasma discharge conditions and proper flow 
rates of monomer and inert gas in the reactor, plasma polymerized thiophene films can be 
produced which retain the molecular structure of the starting thiophene monomer (Sadhir 
and Schoch, 1992).  Through the investigation of the amount of incorporated thiophene 
structures in plasma polymerized thiophene, Groenewoud et al. concluded that pressure 
was the only process parameter which influence the degree of fragmentation during 
deposition (Groenewoud et al., 2000). Following this work, detailed studies on the iodine 
doping process of plasma polymerized thiophene deposited at high and low pressures have 
been conducted and reported in 2001 (Groenewoud et al., 2001). When nitrogen was used 
as a carrier gas at low power or when a high power was used without carrier gas, there was 
significantly more oxygen, nitrogen, and sulfur-oxygen bonds in plasma polymerized 
thiophene (Silverstein and Visoly-Fisher, 2002). The morphology of the plasma 
polymerized thiophene in the high RF flux density region near the monomer inlet was 
reported by Bhat and Wavhal to be smooth which is similar to the conclusion from Sadhir 
and Schoch  (Bhat and Wavhal, 1998; Sadhir and Schoch, 1992).  
 
2.5 Characterization of Conductive Polymers 
2.5.1 Surface and Interface Analysis of Conductive Polymers 
 A series of possible surface-sensitive measurements which can be utilized in 
principle to investigate the surfaces of conductive polymers and the metal-polymer 
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interface have been extensively developed during recent years. Since the typical polymeric 
material is often not a single component, and hence simple chemical analysis will rarely 
provide all the information required, the combination of various surface characterization 
technologies is required to analyze polymer surfaces and interfaces.   
 
2.5.1.1 X-ray Photoelectron Spectroscopy (XPS) 
 Among many techniques that have been proven to be general laboratory tools, XPS 
is the single most useful experimental method to study both the chemical and electronic 
structure of conductive polymers and interfaces. Its long history is intricately bound up 
with the developments of wave particle duality and the early days of atomic physics. XPS 
has its origins in the investigations of the photoelectric effect discovered by Hertz in 1887 
in which X-rays were used as the exciting photon source (Hertz, 1887). After extensive 
work in the measurement of the β-ray spectra of radioactive materials by magnetic 
analysis, Rutherford made a breakthrough at stating the basic equation of XPS (Innes, 
1907), which was subsequently modified to  
EK = hv – EB
where EK is the kinetic energy of the X-rays (photoelectrons), hv the incident photon 
energy and EB the electron binding energy. After that, numerous works were conducted on 
the understanding and the photoelectron spectra of many elements, excited by a variety of 
high energy X-rays available in the early 1920s. Anomalous ‘lines’ (not obviously from 
core levels) were found to correspond with excitations by X-ray fluorescence photons 
characteristic of the atoms under study. The realization of the true nature of these electrons 
came only with Auger’s demonstration of the radiationless transition (Auger, 1925), which 
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bears his name, in cloud chamber experiments. At this time XPS was seen as extending 
the study of atomic structure beyond the confines of X-ray spectroscopy (XES). 
 
The following information can be provided by a typical XPS spectrum (Siegbahn 
et al., 1967). From the characteristic binding energies of the photoelectron, the elements 
involved can be identified. The peak intensity can be directly related to the atomic 
concentration in the sample. One of the most important features of XPS is its ability to 
measure shifts in the BE of the core-level electrons associated with changes in the 
chemical environment. Finally, the shake-up satellite structures provide additional 
information about the unsaturated polymer. Thus, XPS plays an important role in the 
surface analysis of conductive polymers. 
 
In 1986, through the investigations on electrochemically synthesized polyaniline 
and its substituted derivatives, Snauwaert et al. reported that the N 1s core-level spectral 
linewidth (full width at half maximum, FWHM) of EM decreased after protonation 
treatment due to the absence of different neutral nitrogen species (Snauwaert et al., 1986). 
Tan et al. and Snauwaert et al. differentiated quantitatively the properly curve-fitted N 1s 
core-level spectra to study the proportion of quinonoid imine (-N=) at 398.2 eV, 
benzenoid amine (-NH-) at 399.4 eV, and positively charged nitrogen atoms with 
characteristic BEs > 400 eV in chemically and electrochemically synthesized polyaniline 
respectively (Tan et al., 1989; Snauwaert et al., 1990). It is obviously that equal 
proportions of the imine and amine N 1s components can be found in EM base, an imine 
to amine component ratio of about 3 to 1 in the NA base, and only a single nitrogen specie 
at 399.4 eV in the fully reduced LM. In addition, they suggested that surface oxidation 
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products or weakly charge-transfer-complexed oxygen species may cause the high 
residual BE tail above 400 eV in the neutral NA and EM base. Snauwaert et al. also 
reported that imine nitrogen satellite has contribution to the high N 1s BE tail. A general 
belief that protonation occurs preferentially at the imine nitrogen atoms was demonstrated 
by Ray et al. (Ray et al., 1989). 
 
However, less attention has been put on the C 1s core-level spectra of polyaniline. 
Two C 1s component with BE at 284.5 eV and 285.5 eV have been assigned to the =CH- 
and C-N groups of LM, respectively (Kessel et al., 1988). Their intensity ratio of 2 to 1 
seems to suggest the presence of di-substituted rings and the absence of cross-linking at 
the ring atoms. On the other hand, a more structured spectral profile with an intensity ratio 
of =CH- to C-N of 1.2-1.3 has also been reported and may have resulted from a cross-
linked structure (Kessel et al., 1988). These discrepancies point to the difficulty in 
preparing fully comparable electroactive polymer samples. Since shake-up satellites can 
provide information on the π-electron conjugation in the different oxidation states of 
polyaniline, numerous studies have been devoted to the analysis of such structure as well 
(Snauwaert et al., 1987; 1990). 
 
Similar to polyaniline, polypyrrole has also been extensively studied using XPS. 
The nitrogen atoms corresponding to various intrinsic redox states of polypyrrole and 
polyaniline have been compared by Tan et al. and Kang et al. (Tan et al., 1991; Kang et al., 
1992). A systematic XPS investigation (Salaneck et al., 1983) was first performed on 
polypyrrole doped with BF4-. Similar results were found (Pfluger and Street, 1984) with 
ClO4- doped polypyrrole films. For polypyrrole a doping level of about 33% was initially 
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found (Salaneck et al., 1983) when perchlorate was used as the counter-anion and of about 
25% in the case of tetrafluoborate anions. Zeller and Hahn later found that the proportion 
of anions incorporated in the oxidized PPY films varied considerably with the 
polymerization conditions (Zeller and Hahn, 1988). Eaves et al. made an interesting 
attempt at quantitatively associating the anion doping level with the extent of oxidation of 
the polypyrrole nitrogen atoms (Eaves et al., 1987). Salaneck et al. considered it to be 
mandatory to adjust the Fermi level energy before attempting any chemical shift analysis 
between the XPS signals recorded on doped and undoped polymers (Salaneck et al., 1983). 
The idea that skewing of XPS C 1s peaks had to be associated predominantly with 
disorder phenomena rather than with the excitation of Fermi surface electrons was 
promptly supported by Skotheim et al. (Skotheim et al., 1984). XPS data (Kang et al., 
1988; Tan et al., 1990) also showed that only part of the halogen was present as 
halogenide species, that is to say, as dopant anions in the film; whilst as much as 30% of 
the total halogen undergoes ring substitution in the polymer chain. 
 
The structures of polythiophene family have been well documented (Tourillon and 
Jugnet, 1988; Keane et al., 1990; Wu et al., 1987). The characterization of polythiophene 
and alkyl-substituted polythiophene (s) by XPS has been reviewed in detail by Kang et al. 
(Kang et al., 1991; 1993). The S 2p core-level spectrum is curve-fitted with two 
components with BE at about 163.8 eV and 165.5 eV, corresponding to the respective 
spin-orbit split doublets (S 2p3/2 and S 2p1/2). Since the BE separation between the α and β 
carbons is only 0.34 eV in thiophene polymers, it is generally impossible to analyze them 
from the main C 1s spectrum. Two other minor C 1s components located at about 2.6 eV 
and 5.2 eV above the main peak have been assigned to the shake-up structures. The peak 
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around 167.4 eV of S 2p is assigned to a π → π* transition shake-up structure. Different 
results and interpretations are readily found in the literature of C 1s and S 2p core-level 
spectra of doped and oxidized polythiophene. 
 
2.5.1.2 Microscopic Techniques Applied in Surface Characterization  
Morphological data on polymer samples has provided valuable insight into 
changes in the structure, changes in the size and form of crystallites, generation of voids as 
a consequence of cyclic stress experiments and changes in phase structure. Morphology 
has a major effect on the physical and thermal properties which are not always recognized. 
 
The transmission electron microscopy (TEM) provides detailed structural 
information at levels down to atomic dimensions. Under favorable conditions the most 
capable instruments can resolve details at the 0.1 nm level, but such high resolution 
examination is seldom possible with polymers. Nevertheless, it is possible to obtain 
information within the range 1-100 nm with varying degrees of difficulty. A further 
advantage of the TEM is that it can be rapidly adjusted to provide an electron diffraction 
pattern from a selected area, facilitating investigation of crystal structure and orientation, 
and enabling particular morphological features to be identified. The main disadvantage of 
the TEM is that it can be used only on thin samples, less than 1µm thick, and preferably 
less than 100 nm thick. 
 
Scanning electron microscopy (SEM) first became widely available in the late 
1960s. They are quite sophisticated instruments but are relatively easy to operate and the 
information they provide comes in the form of magnified images and is normally easy to 
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interpret. The SEM is widely used in studies of polymers, but there are limitations which 
are caused by specimen charging that occurs in the SEM when the subject is non 
conductive, and by structural damage caused by the high energy electron beam when it 
impinges on the specimen. 
 
2.5.2 Spectroscopic Measurements Applied in Conductive Polymers Characterization 
Spectroscopic techniques are used in many branches of chemistry for molecular 
structure analysis. Many different structural features can be examined and each technique 
has a range of applications. Ultraviolet-visible (UV) spectroscopy utilizes electromagnetic 
radiation of the lowest wave-length among those techniques. Although it is not capable 
alone of completely identifying an unknown compound, it has wide application in organic 
chemistry for identifying molecules with conjugated molecular structures. Another use of 
this method is the measurement of the number of carbonyl groups and this has been 
effectively used to monitor degradation caused by oxidation/weathering of polymeric 
materials (Denisov, 2000). Its use in polymer analysis is still more restricted, though it 
performs certain tasks with great efficiency. It has the advantage of using very small 
samples, though the preferred state is in dilute solution, and with many polymers this 
cannot be conveniently arranged. Modern instrumentation permits very fast analyses to be 
performed with good accuracy and minimal training as long as a few simple rules relating 
to clean handling of the sample and all components in the optical path are carefully 
observed. However, it is not usually considered to be very useful for qualitative analysis. 
IR technology is often described as ‘fingerprinting’ and is the most popular method for 
identifying a polymer. It is possible to determine information about orientation and 
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crystallinity by appropriate experimental arrangement and analysis. On the other hand, IR 
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In this chapter, the reduction of palladium ions from its acid solutions, PdCl2 
and Pd(NO3)2 as well as the mixed solutions of PdCl2 and AuCl3 via the reaction with 
polyaniline in LM state is described. Since LM is the lowest chemical state of 
polyaniline, it is expected that the redox reaction between LM and metal ion could be 
achieved more easily. Since palladium and its compounds have extensive applications 
in industry, these were selected as the main components of this work. Gold chloride 
was also tested since its high electrode potential compared to palladium ions would 
make easier to investigate the mechanism of such redox reactions. 
  
3.2 Experimental Section 
3.2.1 Preparation of Polyaniline 
Polyaniline was synthesized via the oxidative polymerisation of aniline (5 ml) 
by ammonium peroxydisulfate (7.85 g) in 500ml of 0.5M H2SO4 at 0ºC for 5 hours 
(Ma et al., 2000). The collected solid particles were then washed with excess 0.05M 
H2SO4 and then dried under reduced pressure. The as-synthesized polyaniline in form 
of powder was undoped by treatment with excess 0.5M NaOH for 1 hour in order to 
obtain the emeraldine (EM) or 50% oxidized base and then washed with excess 
deionised water. Free-standing EM films of about 20 µm in thickness were prepared by 
exhaustive pumping of the concentrated N-methylpyrrolidinone (NMP) solution 
containing 8% EM base powder by weight at room temperature for about 24 hours.  
 
The fully reduced form of polyaniline (leucoemeraldine or LM base) film was 
obtained by reduction of the EM base film with anhydrous 98% hydrazine (Aldrich) 





was then pumped dry under reduced pressure. Since the LM film is very easily 
oxidized, the Pd uptake experiments were conducted soon after the preparation of the 
LM films. 
 
3.2.2 Uptake of Pd from Solutions 
The as-synthesized LM film was cut into small strips of 2 cm×1 cm×0.02 mm 
in size. For all the Pd uptake experiments using PdCl2, Pd(NO3)2 and their mixed 
solutions, the initial molar ratio of N (in LM) to Pd(II) in solutions was fixed at 4:1. 
Standard solutions of 100 mg dm-3 of Pd(II) in 0.5M acids, were obtained by diluting 
the concentrated PdCl2 (Aldrich, 5 wt.% in 10 wt.% HCl) and Pd(NO3)2 (Merck, 1000 
mg/L Pd(NO3)2 in 0.5M HNO3) with HCl and HNO3 respectively. According to the 
weight of LM strips and the fixed initial molar ratio, the volume of Pd(II) acid solution 
to be used was calculated. Mixed solutions of PdCl2 and Pd(NO3)2 with molar ratios of 
Pd(NO3)2 to PdCl2, R, of 10, 3.33, 1, 0.33 and 0.1 were also used. The uptake of Pd 
from its acid solutions was carried out at room temperature by adding the LM strips to 
the Pd(II) acid solution which was shaken at a constant rate (50 rpm). 
 
For Pd uptake experiments from mixed solutions of PdCl2 and AuCl3, the 
initial molar ratio of N:(Pd(II) + Au(III)) was fixed at 4:1. The volumes of PdCl2 and 
AuCl3 acid solution (BDH Laboratory Supplies, 1000 ± 5 mg/L AuCl3 in 0.5M HCl) 
were mixed to obtain different mixtures of molar ratio of Au(III) to Pd(II), r, of 0.1, 0.2, 
0.3, 0.4 and 0.5. The process for metal uptake was carried out as described above. 
 





The concentration of the palladium ion in solution was determined using an 
inductively coupled plasma (ICP) emission spectrometer (Perkin Elmer Optima 
3000DV) at the wavelength of 340 nm. To investigate the rate of uptake of palladium 
from solution, the palladium ion concentration in solution was measured at time 
intervals of 0, 15, 30, 60, 120, 180, 240 and 300 minutes. At each sampling time, a 
small volume was removed from the reaction system for the ICP test. The gold ion 
concentration was measured in a similar manner using ICP at the wavelength of 243 
nm. 
 
The polyaniline films after metal uptake were characterized by angle-resolved 
X-ray photoelectron spectroscopy (XPS). XPS measurements were made on the Axis 
His 165 (Kratos Analytical) spectrometer with a MgKα X-ray source (1253.6 eV 
photons) at a constant retard ratio of 40. The core-level signals were obtained at a 
photoelectron take-off angle (α) of 75ο with respect to the sample surface. The X-ray 
source was run at a reduced power of 120 W (12 kV and 10 mA). All binding energies 
were referenced to the C 1s neutral carbon peak at 284.6 eV. In peak synthesis, the 
linewidth (full width at half maximum or FWHM) of the Gaussian peaks was 
maintained constant for all components in a particular spectrum. Surface elemental 
stoichiometries were determined from peak-area ratios, after correcting with the 
experimentally determined sensitivity factors, and were accurate to within ±10%. The 
elemental sensitivity factors were determined using stable binary compounds of well-
established stoichiometries. 
 
The surface morphology of the films after metal uptake was investigated using 





fixed at 5 µm × 5 µm. The average roughness (Ra) of the film surface was directly 
calculated from the whole sample images automatically.                             
 
3.3 Results and Discussion 
3.3.1 Pd Uptake from PdCl2, Pd(NO3)2 and Their Mixed Solutions 
The amount of Pd deposited on the LM films as calculated from the reduction 
in Pd ion concentration in Pd(NO3)2 and PdCl2 solutions are shown in Figure 3.1. The 
results shown are the average of two runs and the reproductivity is close to 5%. This 
figure shows that Pd(NO3)2 reacts more effectively with LM than PdCl2. In the former 
case, essentially all the Pd ions have been removed from solution after 300 minutes 
(initial ratio of Pd ions in solution to N in LM is 0.25). From the electrochemical and 
coordination chemistry point of view, we can offer the following explanation for the 
difference in the reactivity of Pd(NO3)2 and PdCl2 with LM. The coordination states of 
palladium chloride in acid solution depend on the acid concentration, in other words, 
on the molar ratio of Cl to Pd (Drelinkiewicz et al., 1998). In our experiments, the acid 
concentration was fixed at 0.5M. As such, the molar ratio of Cl to Pd for the solutions 
used is much higher than 4 and the dominant states are anionic complexes, such as 
[PdCl4]2- and [PdCl3(H2O)]- (Drelinkiewicz et al., 1998; Cotton et al., 1980; Cotton et 
al., 1976). For the Pd(NO3)2 solution, the dominant metal ion species in solution is 
Pd(II). The electrode potentials of the Pd(II)-Pd pair (reaction (1)) and the [PdCl4]2--Pd 
pair (reaction (2)) are 0.951 V and 0.591 V, respectively (David, 1995).  
(1) Pd2+ + 2e-                      Pd0
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Figure 3.1 Mole ratio of Pd deposited per mole of LM at an initial 




 It is well known that polyaniline can be used as a non-metal electrode with the 
following electrode reactions (3) and (4) (Kang et al., 1996): 
(3) [-(C6H4)-NH-(C6H4)-NH-(C6H4)-NH-(C6H4)-NH-]x - (2x)e-            
      [-(C6H4)-NH-(C6H4)-NH-(C6H4)-N+H=(C6H4)=N+H-]x
(4) [-(C6H4)-NH-(C6H4)-NH-(C6H4)-N+H=(C6H4)=N+H-]x  - (2x)e-                                     
      [-(C6H4)-N=(C6H4)=N-(C6H4)-N=(C6H4)=N-]x + (4x)H+
The potentials of the above reactions (3) and (4) are about 0.1 V and 0.7 V vs SCE 
respectively (Kang et al., 1996). For a redox reaction to be possible and spontaneous, 
the cell potential must be positive. A comparison of the cell potential was carried out 
considering the reactions of the Pd(II)-Pd and [PdCl4]2--Pd systems with those of 
polyaniline as given by reactions (3) and (4). The spontaneity of all the reactions 
except the combined reactions of (2) and (4) was confirmed. Thus, the reduction of 
Pd(II) from Pd(NO3)2 to Pd0 by LM can be expected to be more readily accomplished 
than that of [PdCl4]2- from the PdCl2 solution.   
 
Furthermore, after the coordination of Pd ion with Cl- and/or water molecules, 
the Pd units are at the centre of the entire coordination units which are much bigger 
than the original Pd units. Such ligands can adversely affect the reaction of the Pd units 
with the nitrogen of LM, the reaction centre, for the following reasons. Firstly, the two 
possible configurations are the tetrahedral and square planar when palladium is 
coordinated with Cl- and/or water molecules (Cotton et al., 1980; Cotton et al., 1976). 
These two states can keep the Pd units stable, especially in the case of the square 
planar (Cotton et al., 1980; Cotton et al., 1976). Secondly, the spatial effects should 





reaction of the Pd unit with nitrogen due to the placement of too many atoms and other 
big groups, such as the phenyl groups, between the Pd units and nitrogen.
 
Figure 3.2 shows a comparison of the uptake of Pd from solutions of different 
Pd(NO3)2 to PdCl2 molar ratios (R). As in Figure 3.1, the amount of Pd deposited on 
the LM film was calculated from the amount of Pd remaining in solution as measured 
by ICP. This figure clearly shows that as more Pd(NO3)2 was added, the amount of 
palladium deposited increases. Very interestingly, the highest uptake was observed at 
the molar ratio of R = 10, not from the pure Pd(NO3)2 as would be expected. It was 
also clearly observable that some changes involving the Pd complexes occur when 
Pd(NO3)2 solution (yellow) was mixed with the PdCl2 solution (off-white) to obtain the 
R = 10 solution, since there was an immediate colour change of the solution to a  
deeper yellow. In Figure 3.3, the measured amount of Pd deposited on LM from the 
various mixtures (data from Figure 3.2) is plotted against the value predicted based on 
the sum of the amounts deposited from the indicated proportions of pure PdCl2 and 
Pd(NO3)2 solutions (Figure 3.1), assuming that the uptake from each solution in the 
mixture proceeds independently. Figure 3.3 shows that in general, when the uptake is 
low (i.e. short time or low R), the actual amount deposited is either close to or lower 
than the predicted value. However, the trend is reversed when the uptake is high. In 
particular, for the R = 10 solution, the actual uptake is higher than the predicted value 
for all the reaction times tested. The interaction between PdCl2 and Pd(NO3)2 not only 
affects the Pd uptake rate but also the manner in which the Pd deposit is distributed on 







Figure 3.2 Mole ratio of Pd deposited from mixed PdCl2 and 
Pd(NO3)2 solutions per mole of LM at an initial mole ratio of 
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The LM film after reaction with PdCl2 and Pd(NO3)2 solutions are visually 
different. After a reaction time of 15 minutes, the film in the Pd(NO3)2 solution has a 
shiny metallic sheen while the film in the R = 10 mixed solution is dull light grey, and 
the film reacting with PdCl2 more or less retains its original colour. With increasing 
reaction time, the colour of each film generally does not change significantly from that 
after 15 minutes, although an increase in the thickness of the deposited layer is obvious. 
The exception is the film reacting with PdCl2. As the reaction progresses, the film 
gradually looks more metallic, especially the sample taken near the end of the reaction 
(300 minutes), but it is also visually obvious that the deposited layer is very thin, 
compared to that seen after reaction with Pd(NO3)2. These colour differences indicate 
clearly that the state and distribution of the Pd on the LM surface are affected by the 
composition of the Pd solutions. 
 
XPS measurements were performed to determine the state of the Pd deposited 
on the LM. In Figure 3.4, the XPS Pd 3d spectra of LM films after reaction in 
Pd(NO3)2 and PdCl2 solutions for varying periods of time are shown. A Pd 3d5/2 
component peak with a BE of about 338 eV is characteristic of Pd(II) species while 
that at 335 eV is attributable to the Pd0 species (Chastain, 1992). When Pd(NO3)2 is 
used, it is quite clear that the Pd0 is the main state of the palladium deposited on the 
surface of LM film. This result is also demonstrated by Huang et al. for LM powder 
(Huang et al., 1998). For PdCl2, Pd(II) is the predominant state on the LM surface at 
the beginning of reaction; but after 3 hours, almost all the Pd is in the Pd0 state on the 
surface of LM film. Either the palladium which have already been deposited continue 
to react to reach the lowest redox state, or the palladium is deposited onto the surface 
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Figure 3.4 XPS Pd 3d core-level spectra of LM base film after 
reaction with: (a) PdCl2 for 10 min; (b) PdCl2 for 30 min; (c) 
PdCl2 for 300 min; (d) Pd(NO3)2 for 10 min; (e) Pd(NO3)2 for 30 




Huang et al and this difference may be due to the different forms of the LM and the 
methods of making the LM (Huang et al., 1998). In our present experiment, 98 wt% 
hydrazine is used as the reducing agent for 3 hours to obtain the LM film whereas in 
the earlier work, 80 wt% hydrazine used for a treatment time of 1 hour and the LM is 
in powder form (Huang et al., 1998). It was also reported earlier that a third Pd 3d5/2 
component peak at 336.5 eV was present in the Pd 3d spectra of LM film after reaction 
with Pd solution. The exact nature of this third Pd species is not known. The presence 
of this component peak at 336.5 eV was once again confirmed in our experiment 
(Figure 3.4) and further investigation is desired. 
 
Figure 3.5 shows the fraction of Pd deposited as Pd0 onto the LM film surface 
as calculated from the XPS analysis for the different reaction mixtures. From this 
figure, it can be seen that regardless of the reaction time in Pd(NO3)2, about 75% of the 
total Pd deposited is Pd0. Of the remaining Pd species, a large proportion is the yet-to-
be determined third Pd species with a BE of 336.5 eV in the XPS Pd 3d spectra. This 
may indicate some form of complexation of Pd with the imine nitrogens which resulted 
from the oxidation of the amine nitrogens in LM. Complexation of Ag(I) ions with 
imine nitrogens of polyaniline, and the formation of other complexes of Pd with 
ethylenediamine have been reported earlier (Huang et al., 1990; Zhao et al., 1999).  
 
For the mixed solutions of PdCl2 and Pd(NO3)2, as expected, the fraction of Pd 
deposited as Pd0 increases as R increases (Figure 3.5). In fact, the value obtained 
experimentally is quite close to the value calculated from the respective combination 
from the PdCl2 and Pd(NO3)2. For example, for R = 1 at a reaction time of 10 minutes, 






Figure 3.5 Mole ratio of (Pd0/Pdtotal)deposited at an initial mole 
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 The AFM images of the surface of the LM films after immersion in PdCl2 and 
Pd(NO3)2 solutions for 10 minutes are shown in Figure 3.6(a) and 3.6(b) respectively. 
The higher roughness value (Ra) for the film treated in Pd(NO3)2 is consistent  with 
the ICP results showing a larger amount of Pd deposited on this film. However, the 
results obtained from the mixed solutions given in Figure 3.6(c) to 3.6(g) show that 
the roughness value does not depend solely on the amount of Pd deposited. Contrary 
to expectation, the roughness of the LM films after reaction in mixed solutions is 
generally higher than that obtained with pure Pd(NO3)2, (with the exception of R = 0.1) 
even though the amount of Pd deposited is not higher. From Figure 3.6, it can also be 
seen that after reaction in Pd(NO3)2, the distributed units of Pd on the LM surface 
look more rounded and more closely packed whereas for mixed solutions containing 
PdCl2, the units are distributed in a more discrete, peak-like manner which accounts 
for the higher roughness of the latter. While the exact mechanism is not known, the 
crystals formed from metallic particles and complexes could contribute to the peak-
like units as shown on Figure 3.6(g). Previous X-ray diffraction analysis of palladium 
deposited onto PANi surface from PdCl2 shows the possibility of the co-existence of 
one-dimensional ordering of the Pd-polyaniline systems as well as crystals of metallic 
palladium (Drelinkiewicz et al., 1998). From the AFM results, it may then be 
postulated that the manner in which the Pd deposit is built up as the LM surface is 
dependent on the distribution of metallic Pd and PdCl2 complexes (which can be 
expected to be of different size as the metallic Pd) on the surface. 
 
3.3.2 Pd Uptake from Mixed Solutions of PdCl2 and AuCl3
The spontaneous deposition of Au on PANi has been reported earlier (Ting et 
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Figure 3.6 AFM images of 
LM films after reaction in 
solutions of different molar 
ratios of Pd(NO3)2/PdCl2, 
R, for 10 minutes.  
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(5) [-(C6H4)-NH-(C6H4)-NH-(C6H4)-NH-(C6H4)-NH-]x  + Au3+                      
      [-(C6H4)-N=(C6H4)=N-(C6H4)-N=(C6H4)=N-]x + Au + 4(X)H+ + 3e-
 
The uptake of Au from AuCl3 by LM proceeds much more readily than the equivalent 
process observed with PdCl2. However, as shown in Figure 3.7, when a small amount 
of AuCl3 is added to the PdCl2 solution, e.g. at a mole ratio of AuCl3/PdCl2 (r) of 0.1, 
the rate of uptake of Pd increases very significantly. For this particular condition, 
almost all the Pd is removed from solution after about 200 minutes.  From Figure 3.7, 
it can be similarly concluded that there is no further uptake of Pd from solution by 240 
minutes for the other values of r (from 0.1 to 0.5). 
  
By plotting the ratio of (Pd/N)deposited to the maximum (Pd/N) (maximum Pd/N 
is the mole ratio of the amount of Pd originally in solution to LM) as in Figure 3.8, the 
complete removal of Pd from the solution by 240 minutes can be more easily seen. The 
very significant enhancement of Pd uptake by the addition of a small amount of AuCl3 
is also clearly illustrated for all reaction times and there appears to be no further 
advantage of adding more AuCl3 beyond r = 0.1. The corresponding plot of 
(Au/N)deposited to the maximum (Au/N) is given in Figure 3.9. By comparing Figure 3.8 
and Figure 3.9, it can be clearly seen that the uptake of Au proceeds much more 
rapidly than that of Pd from the respective chloride solution. The addition of PdCl2 to 
AuCl3 decreases the rate of Au uptake due to the decreasing Au concentration and the 
possible interaction of PdCl2 and AuCl3 to form complexes, as discussed below. 
  
The LM film after reaction in the mixed solutions of PdCl2 and AuCl3 have a 
shiny golden sheen. The AFM image of the LM film after reaction in the mixed 
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Figure 3.7 Mole ratio of Pd deposited from mixed PdCl2 and AuCl3
solutions per mole of LM at an initial mole ratio of (Pd(II) + 






Figure 3.8 Effect of Au on the deposition of Pd on LM film. Initial 
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Figure 3.9 Effect of Pd on the deposition of Au on LM film. Initial 
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Figure 3.10 AFM image of LM film after reaction in mixed 




observed with pure PdCl2. The former shows a distribution of sharp distinct peaks and 
the roughness factor is an order of magnitude higher. This can be attributed to the rapid 
built-up of Au and Pd deposits on the surface in the mixed solution. The XPS analysis 
of the LM film after reaction in the r = 0.1 solution for 15 minutes confirms the 
presence of Au0 (Au 4f7/2 component peak at 84 eV in Figure 3.11(a)). However, for 
the Pd 3d spectrum (Figure 3.11(b)), the proportion of the different Pd species is not 
clear since the Au 4d component peaks overlap with those of Pd 3d. At longer reaction 
times, there is no change in the Au spectrum (Figure 3.11(c)) and the predominant 
species remains as Au0. However, there is a noticeable change in the Pd spectrum 
(Figure 3.11(d)). But it is not possible to deconvolute this spectrum due to the 
interference of the Au 4d signals, as mentioned above. 
  
Although from the XPS analysis, it is not clear if the states of the Pd deposited 
from the mixed solutions are different from those observed in pure PdCl2, we postulate 
that complexation of Au and Pd occurs in the mixed solutions which accelerated the 
metal uptake. It is known that in AuCl3 solution, the most probable coordination states 
are the anionic species, [AuCl3OH]- and [AuCl4]- (Cotton et al., 1980; Cotton et al., 
1976). These states are very similar to the corresponding anionic states existing in 
PdCl2 solution and in the mixed solutions, bridged complexes can be formed (Cotton et 
al., 1980; Cotton et al., 1976; Pauling, 1960). These bridged complexes can be 
subsequently cleaved by the attack on the nitrogen of the polyaniline chain, resulting in 
the deposition of the Au and Pd units. From our results (Figure 3.8), it appears that 
only a small amount of AuCl3 is needed for the formation of the bridged complexes. 
An increase in AuCl3 concentration beyond the threshold value may result in a 
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Figure 3.11 XPS Au 4f and Pd 3d core-level spectra of LM base 
film after reaction in mixed solutions of Au(III)/Pd(II) = 0.1: (a) Au 
4f, after reaction for 15 min; (b) Pd 3d, after reaction for 15 min; (c) 





((Au(III)+Pd(II))total/N is kept constant) and/or the interference of the gold-gold 




The uptake of Pd from PdCl2 and Pd(NO3)2 solutions by leucoemeraldine film 
proceeds at different rates and results in different Pd states being deposited on the film. 
This is attributed to the presence of anionic Pd complexes existing in the PdCl2 
solutions. The reaction in Pd(NO3)2 solution results in the deposition of predominantly 
Pd0 species for all the reaction times tested whereas in PdCl2 the distribution of Pd 
states deposited on the film is dependent on the reaction time. The mixing of Pd(NO3)2 
with PdCl2 affects the coordination states of Pd in solution which in turn affects the Pd 
uptake rate and the manner in which Pd is deposited on the film surface. A significant 
acceleration of Pd uptake from PdCl2 solution is observed when a small amount of 
AuCl3 (AuCl3/ PdCl2 = 0.1) is added and complete removal of Pd ions from PdCl2 can 
be accomplished. This is attributed to the formation of gold-palladium bridged 































The investigations described in Chapter 3 were mainly on the deposition of 
palladium from acidic solutions onto polyaniline films. The investigations described in 
this chapter were mainly conducted on reactions of metal ions with polyaniline in powder 
form in either organic solution or water. The main objective was to obtain nanosized gold 
or palladium particles in polyaniline. A number of methods were tried and comparison of 
the particles prepared by these methods was made. 
  
4.2 Experimental Section 
4.2.1 Preparation of Polyaniline 
 The preparation of polyaniline in the powder form is as described in Section 3.2.1. 
The as-synthesized polyaniline powder is in the EM state and the fully reduced form of 
polyaniline (LM) powder was obtained by reduction of the EM powder with anhydrous 
98% hydrazine (Aldrich) for 3h, followed by thorough washing with deionized water. The 
LM powder obtained was then pumped dry under reduced pressure. Since the LM powder 
is very easily oxidized, the metal uptake experiments were conducted soon after the 
preparation of the LM powder. 
 
4.2.2 Reactions of EM with AuCl3 in NMP (Method 1) 
 For all these experiments, the initial molar ratios of Au(III)/N (of EM) in NMP 
were fixed at 1:1, 1:5, 1:10, and 1:20. The concentration of Au(III) was kept at 100 mg 
dm-3 in the NMP solution and the amount of EM powder was varied to achieve the desired 
Au(III)/N molar ratios. The AuCl3 (Aldrich, 99.99+%) was first dissolved in the 
appropriate amount of NMP and the EM powder was then added. The EM powder 
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dissolved readily in the NMP solution containing the AuCl3. The reactions were carried 
out at room temperature while the solutions were shaken at 50 rpm. 
 
4.2.3 Reactions of EM with AuCl3 in Water (Method 2) 
 The initial molar ratios of Au(III)/N (of EM) in water for these experiments were 
also fixed at 1:1, 1:5, 1:10, and 1:20. The as-synthesized EM powder was first dispersed in 
water using an ultra-sonic bath for 30 minutes. The solid AuCl3 which is readily soluble in 
water was then added to the dispersion of EM in water. The concentration of Au(III) for 
all runs was kept at 100 mg dm-3 in the aqueous solution. The reactions were carried out at 
room temperature, as described in Method 1. 
 
4.2.4 Reactions of LM with Pd(NO3)2 in Acid (Method 3) 
 Since the reaction of Pd(NO3)2 with EM is very slow, the EM powder was first 
reduced to LM before carrying out the reaction. Standard solutions of 100 mg dm-3 of 
Pd(II) in 0.5 M acid were obtained by diluting the concentrated Pd(NO3)2 (Merck, 1000 
mg L-1 Pd(NO3)2 in 0.5 M HNO3) with 0.5 M HNO3. For all Pd uptake experiments, the 
initial molar ratios of Pd(II)/N (of LM) in acids were fixed at 1:1, 1:5, 1:10, and 1:20. All 
reactions were carried out at room temperature by adding the as-synthesized LM powder 
to the Pd(II) solutions. To ensure a high degree of dispersion of the LM powder, the 
reaction mixture was placed in an ultra-sonic bath for the first 30 minutes, and then shaken 
at 50 rpm. 
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4.2.5 Dispersion of Metal Particles in Polyaniline 
 In Method 1, Au0 particles which were formed from the reduction of AuCl3 would 
be dispersed in the NMP solution and EM films containing these particles can be cast 
directly from the NMP solution. In Method 2, the reduction of the metal ions resulted in 
the deposition of the metal on the EM particles. These particles were collected after 
specific time intervals, washed with deionized water and pumped dry under reduced 
pressure before mixing with NMP. In Method 3, the polyaniline particles would be doped 
by the acid solution used and would not be soluble in NMP. Hence, the collected particles 
were first undoped by treatment with NaOH before dissolution in NMP. The NMP 
dissolves the EM or LM component resulting in a dispersion of the metal particles in the 




 The concentrations of gold and palladium ions in solutions were determined by 
UV-visible absorption spectroscopy (Shimadzu, UV-3101PC). The absorption band of the 
Au(III) ions is at 320 nm in NMP and 295 nm in water, while that of the Pd(II) ions in 0.5 
M HNO3 is at 277 nm. To investigate the rate of uptake of metals from solutions, the 
metals ion concentrations in the solutions were measured at time intervals of 5, 10, 30, 60, 
120, and 180 minutes by the removal of small volumes from the reaction systems at each 
sampling intervals for UV measurement. For Method 1, a small amount of the reaction 
mixture was also removed and pumped dry at selected intervals for spectroscopic analysis 
of the solid samples. For the UV-visible absorption spectroscopy measurements, a few 
drops of the reaction mixture were deposited on a quartz plate, while for the FTIR 
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absorption measurements (BIO-RAD, FTS 135), the reaction mixture was deposited on a 
KBr pellet instead of a quartz plate. 
 
Particle size measurements were carried out using a laser light scattering particle 
size analyzer (Brookhaven, 90 PLUS). For Method 1, the size of the resultant Au particles 
was determined by carrying out the measurements directly on the NMP solutions at the 
selected time intervals. For Methods 2 and 3, the solutions were filtered at the selected 
time intervals and the collected particles (EM or LM with deposited metal) were washed 
with deionized water and immediately dried under vacuum. These collected particles were 
then mixed with NMP where the EM or LM component dissolved leaving the metal 
dispersed in the NMP solution. The particle size measurements were then carried out on 
the NMP solutions. 
 
Scanning electron microscopy (SEM) images of the dispersion of metal particles in 
polyaniline were obtained on a scanning electron microscope (Jeol, JSM 5600LV). The 
samples after selected reaction times were prepared by casting the films onto glass plates 
from NMP solutions as described above. For the transmission electron microscopy (TEM) 
studies (on a Jeol, JEM 1220 microscope), the samples were prepared by depositing one 
drop of the NMP solution containing the metal particles and polyaniline (about 0.1 ml) on 
a wax board and gently placing the copper grid onto the drop with the non-Formvar side 
down. The copper grid was removed after 2 minutes and left to dry under room conditions 
for 24 hours. 
 
XPS measurements were conducted as described in Section 3.2.3. 
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4.3 Results and Discussion 
4.3.1 Synthesis of Nanosized Particles by Method 1 
In Method 1, laser light scattering was used to monitor the formation and growth 
of particles in the reaction mixture as a function of reaction time. Figure 4.1 shows the 
effect of time and Au(III)/N molar ratio on the formation of these particles. In the absence 
of AuCl3, no particles (≥ 2 nm) were detected in the NMP solution of EM after 3 hours. 
Similarly, no particles were detected in a NMP solution of AuCl3 after 3 hours in the 
absence of EM. Thus, the formation and growth of the particles shown in Figure 4.1 are 
attributed to the reduction of AuCl3 to Au0 by EM (Neoh et al., 1997). It can be seen from 
Figure 4.1 that the lag time before particles are detected in solution is dependent on the 
Au(III)/N molar ratio, with the shortest time observed for the highest Au(III)/N molar 
ratio. The increase in particle size occurs in two phases, an initial rapid growth within 30 
min after the particles are first detected followed by a much slower phase as the Au(III) 
concentration decreases. The changes in the Au(III) concentration in the NMP solution 
cannot be monitored accurately from the absorption band at 320 nm since the π-π* 
transition band of polyaniline also occurs at this wavelength (Masters et al., 1991). At the 
highest concentration of EM used (Au(III)/N = 1:20), the π-π* band is estimated to 
contribute about half of the total absorption at 320 nm at the start of the reaction. While 
the absorption of the π-π* band will change somewhat as the EM undergoes oxidation (see 
later section), the changes in the 320 nm absorption are expected to be due mainly to the 
decrease in the Au(III) ions upon reduction to Au0. The UV-visible spectroscopy analysis 
indicates that for all the Au(III)/N molar ratios tested, there is a rapid decrease in the 
































0 40 80 120 160 200 
Reaction Time (min) 
Figure 4.1 Particle size as a function of time in the reaction of EM 
with AuCl3 in NMP at different Au(III)/N molar ratios. 
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decreases very insignificantly. Thus, the decrease in Au(III) concentration in solution is 
qualitatively consistent with the trend of the growth curves of the Au0 particles shown in 
Figure 4.1.   
 
The size of the particles is also strongly dependent on the Au(III)/N molar ratio. 
The largest particles (within the 3 h reaction period) were detected at the Au(III)/N molar 
ratio of 1:5, but even at this condition, the effective diameter of these particles is less than 
20 nm. From the UV-visible spectroscopy analysis, a rough estimate of the fraction of the 
Au(III) (initial AuCl3 concentration is 100 mg dm-3 for all runs) reduced to Au0 at the end 
of the 3 h reaction period was obtained by subtracting out the absorbance due to the  π-π* 
band of the PANi. This fraction is calculated to be 0.3, 0.6, 0.65, and 0.7 in the case of 
Au(III)/N molar ratios of 1:1, 1:5, 1:10 and 1:20 respectively. The significantly smaller 
particles observed for the lower Au(III)/N molar ratios is thus not due to the smaller 
amount of Au0 formed since the converse is true. This phenomenon is attributed instead to 
the increase in the number of available reaction sites on the polymer chain with the 
decrease in Au(III)/N molar ratio. The reduction of Au(III) to Au0 is known to occur 
preferentially at the nitrogen groups of the polyaniline (Neoh et al., 1999) and a large 
number of sites can lead to a large number of smaller particles formed on these sites. This 
may also explain the trend in Figure 4.1 which shows that for the lower Au(III)/N molar 
ratio, a longer period of time is needed before the particles are large enough to be detected. 
 
The UV-visible absorption spectra of polyaniline films cast from the reaction 
mixture in Method 1 as a function of reaction time for three different initial Au(III)/N 
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molar ratios are shown in Figure 4.2. In the initial stages of the reaction, the spectra are 
characteristic of that of EM base with two prominent absorption bands at 330 nm and 635 
nm attributed to the π-π* transition and the exciton band, respectively (Masters et al., 
1991). As the reaction progresses, there is a decrease in the intensity as well as a blue shift 
of the 635 nm band. These changes are most obvious when Au(III)/N molar ratio is 1:5 
(Figure 4.2(b)) and are attributed to the increase in the oxidation state of PANi (Masters et 
al., 1991). While the intensity of the 330 nm band does not change significantly, a new 
absorption band can be seen at around 290 nm and this band has also been reported in the 
spectrum of pernigraniline (100% oxidized PANi) (Masters et al., 1991). The differences 
in the extent of spectral changes in the EM films shown in Figure 4.2 are due to the 
difference in the extent of Au(III) reduction as well as the amounts of EM used in each run. 
Thus, while the extent of Au(III) reduction is the highest at Au(III)/N molar ratio of 1:20, 
the spectral changes are not as obvious as those for Au(III)/N molar ratio of 1:5 because 
the amount of EM available for reaction is four times higher than the former.             
 
The FTIR absorption spectra of the PANi after different reaction times (Au(III)/N 
= 1:5) are shown in Figure 4.3. In these spectra, the aromatic ring breathing, N-H 
deformation and C=N stretching of the PANi rings are in the 1600-1450 cm-1 region. 
Earlier studies have suggested that the peak at about 1500 cm-1 is associated with 
benzenoid ring and the absorption at 1600 cm-1 with the quinoid ring (Tang et al., 1988; 
Cao et al., 1986). It is clear from Figure 4.3 that the intensities of the peaks at about    
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Figure 4.2 UV-visible absorption spectra of EM film cast on quartz 
plate after reaction with AuCl3 in NMP as a function of reaction 
time. Initial Au(III)/N molar ratios are: (a) 1:1; (b) 1:5; (c) 1:20. 
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Figure 4.3 FTIR absorption spectra of EM after reaction with 
AuCl3 in NMP solution. Initial Au(III)/N molar ratio is 1:5. 
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1500 cm-1 and 1600 cm-1 are almost similar at the beginning of the reaction, characteristic 
of emeraldine (Tang et al., 1988). However as the reaction with AuCl3 progresses, the 
intensity of the peak at about 1500 cm-1 decreases relative to that of the peak at about 1600 
cm-1. This supports the UV-visible absorption data which indicates that the PANi has been 
oxidized from the emeraldine state to a higher oxidative state.  
 
The XPS Au 4f and N 1s core-level spectra of the films cast from Method 1 are 
shown in Figure 4.4. After 5 min reaction time, the spectrum (Figure 4.4(a)) shows a 
major component at 85.4 eV attributed to Au(I) and a smaller peak component at 84 eV 
attributed to Au0 (Chastain, 1992). As the reaction progresses, the peak associated with 
Au0 becomes the dominant component (Figure 4.4(b) and (c)). These results confirm the 
progressive reduction of the Au(III) species to Au0. From Figure 4.4(c), the fraction of the 
Au(III) reduced to Au0 at the end of 3 h is about 93% which is higher than that estimated 
from the UV-visible absorption spectrum of the NMP solution. As discussed above, it is 
expected that the latter is only a rough estimate due to the contribution of the π-π*. 
 
The N 1s spectra can be deconvoluted into 2 major component peaks at 398.2 eV 
and 399.4 eV, attributed to the –N= and –NH– groups of the EM, respectively, and a 
higher binding energy (> 401 eV) tail due to oxidation species or positively charged 
nitrogen (Tan et al., 1989). Before reaction with AuCl3, the ratio of the intensities of the –
N= and –NH– component peaks is close to 1, consistent with the 50% oxidized state of 
EM. As the reaction progresses (Figure 4.4(d) to (f)), the intensity of the –N= component 












     84       87        90 
Binding Energy (eV)











Figure 4.4 XPS Au 4f (a to c) and N 1s (d to f) core-level spectra of 
EM after reaction with AuCl3 at Au(III)/N molar ratio of 1:5 for: (a) 
and (d) 5 min; (b) and (e) 30 min; (c) and (f) 180 min. 
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UV-visible absorption spectra and FTIR absorption spectra shown in Figure 4.2 and 4.3 
respectively, and confirms the conversion of the EM to a higher oxidation state, while 
AuCl3 is being reduced to Au0.    
 
Figure 4.5 shows a transmission electron micrograph of the polyaniline thin film 
cast from the NMP solution with Au(III)/N molar ratio of 1:5 after 3h. From this figure, 
the small gold particles can be clearly seen to be quite evenly distributed in the polymer 
film. The particle size estimated from this figure (≈ 20 nm) is consistent with the results 
from the laser light scattering system. Some bigger particles can also be seen and these 
have resulted from the agglomeration of small particles.  
 
4.3.2 Synthesis of Nanosized Particles by Methods 2 and 3 
 The rate of reduction of AuCl3 to Au0 upon reaction with EM is dependent on the 
pH of the medium (Kang et al., 1995; Ting et al., 1994). The decrease in Au(III) 
concentration as a function of reaction time in water and 1 M HCl is shown in Figure 4.6. 
The reaction rate is significantly enhanced in the acidic medium and almost 100% 
reduction of the Au(III) is achieved within 2 h using an Au(III)/N molar ratio of 1:20 in 1 
M HCl. From Figure 4.6, it is also clear that within the range of Au(III)/N molar ratios 
tested in water (1:1 to 1:20), a higher EM content results in a higher degree of Au(III) 
reduction. 
  
The dispersion of EM powder in aqueous solution (using an ultra-sonic bath for 30 




Figure 4.5 Transmission electron micrograph of film cast from NMP 
solution of EM and AuCl3 after a reaction time of 180 min using 
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Figure 4.6 Au(III) concentration in water (Method 2) and in 1 M 
HCl after reaction with EM powder as a function of reaction time. 
 80
of reaction with AuCl3 in H2O, the particle size increases to 2450 nm and 2300 nm for 
Au(III)/N molar ratio of 1:1 and 1:20, respectively. The increase in particle size is due to 
the accumulation of Au0 on the EM particle surface. The reliability of the effective 
diameters is determined by the sample quality indicator which is automatically generated 
by the laser light scattering system. All selected data were from samples with sample 
quality very close to 8. The particle size distributions obtained have polydispersity ranging 
from 0.38-0.57. The presence of Au0 on the particle surface is confirmed by the presence 
of the Au 4f7/2 peak at 84 eV in the XPS Au 4f core-level spectrum (Chastain, 1992). 
When these particles are dispersed in NMP, the EM component dissolves, leaving behind 
the Au0 in solution.  
 
Figure 4.7 shows the effect of the reaction condition on the size of the Au0 
particles dispersed in the NMP solution. Similar to the results shown in Figure 4.1, in the 
initial stages of the reaction in water, the largest particles were obtained at a Au(III)/N 
molar ratio of 1:1 but at the end of the 3 h reaction period, the largest particles were 
obtained at a Au(III)/N molar ratio of 1:5 and the smallest particles at the lowest Au(III)/N 
molar ratio of 1:20. These differences are again attributed to the differences in the amount 
of Au(III) reduced to Au0 and the number of reaction sites available at different Au(III)/N 
molar ratios. A higher Au(III)/N molar ratio implies fewer sites for Au0 accumulation, 
which results in initially bigger particles as Au(III) is converted to Au0, but the extent of 
Au(III) reduction is also limited by the availability of the sites and eventually no further 
reaction can occur and the particles cease to grow. On the other hand, at low Au(III)/N 
molar ratio, the distribution of the accumulated Au0 at more sites results in smaller 
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Figure 4.7 Comparison of size of Au0 particles dispersed in NMP after 
different reaction times in water (Method 2) and 1 M HCl. 
 82
that are about 10 times bigger after 3 h reaction time. This is consistent with the manner in 
which the Au0 is formed. In Method 1, the reduction of Au(III) to Au0 occurs at the 
nitrogen of the EM polymer chains dispersed in NMP while in Method 2, this occurs on 
the surface of solid EM particles which eventually are partially covered with Au0. The 
subsequent dissolution of the latter results in the accumulated Au0 being dispersed in the 
NMP solution. From Figure 4.7, it can also be seen that if the reaction is carried out in 
acid, the size of the particles is substantially bigger than those resulting from the reaction 
in water for the same Au(III)/N ratio. This is attributed to the significantly faster reaction 
occurring in acid (Figure 4.6). 
              
The SEM with EDX, and TEM images of the film cast from NMP solution after 
dissolution of the EM particles collected at the end of the 3 h reaction period are shown in 
Figure 4.8. The particle sizes estimated from these images are again consistent with the 
results from the laser light scattering system. From the EDX spectrum, the signal at about 
2.2 KeV confirms the existence of Au dispersed in the polyaniline film (Weast et al., 
1982). The distribution of the deposited Au0 particles can be seen to be on a nanoscale.  
 
The reaction of EM powder with Pd(NO3)2 is very slow in both aqueous and NMP 
solutions. As shown in Chapter 3, polyaniline in the LM state reacts more readily with 
Pd(NO3)2, so for Method 3 LM is used instead of EM. It is well known that protonation 
occurs preferably on imine groups. Thus, there is very low possibility that protonation can 
affect the reducing capability of LM. The decrease in Pd(II) concentration in the 0.5 M 
HNO3 solution as a function of reaction time is shown in Figure 4.9. This figure shows 
that the reaction between LM and Pd(NO3)2 in 0.5 M HNO3 is very rapid and with the
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 (b) 
Figure 4.8 SEM and EDX spectrum (a), and TEM (b) of the Au0
particles dispersed in NMP (Method 2) after a reaction time of 180 
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Figure 4.9 Pd(II) concentration in 0.5 M HNO3 after reaction with 
LM powder (Method 3) as a function of reaction time. 
 85
exception of the Pd(II)/N molar ratio of 1:1, there is no significant amount of Pd(II) ions 
left in solution after 4 h. The reaction rate at Pd(II)/N molar ratio of 1:1 is the slowest due 
to the smallest number of reaction sites (the N groups of the LM) in this case as compared 
to the other Pd(II)/N ratios. However, the largest Pd(II)/N ratio does not result in the 
fastest rate which occurs in the case of the Pd(II)/N molar ratio of 1:5.  
 
The LM particles collected after reaction with Pd(NO3)2 were subjected to XPS 
analysis. The Pd 3d spectra of LM after reaction with Pd(NO3)2 at Pd(II)/N molar ratio of 
1:5 for varying periods of time are shown in Figure 4.10(a) to (c). The presence of Pd0 is 
confirmed by the presence of the Pd 3d5/2 peak at 335 eV while the component peak with 
binding energy at 338 eV is attributed to the Pd(II) species (Chastain, 1992). A small Pd 
3d5/2 component peak at 336.5 eV is also seen in this figure. Although the exact nature of 
the third Pd component is not certain at present, its presence has also been found in earlier 
investigations of Pd(NO3) and PdCl2 with LM powder and films as described in Chapter 3. 
From this figure, Pd(II) is the predominant state at the beginning of the reaction (Figure 
4.10(a)); but after 30 min, almost all of the Pd exist in the Pd0 state on the surface of the 
LM particles (Figure 4.10(b) and (c)). The corresponding N 1s spectra of LM after 
reaction with Pd(NO3)2 are shown in Figure 4.10(d) to (f). The N 1s spectrum of pristine 
LM shows a predominant peak at 399.4 eV, attributable to the –NH- component. As the 
reaction with Pd(NO3)2 proceeds, the ratio of the intensities of the –N= (at 398.2 eV) and 
–NH- peaks increases. A similar increase in oxidation state was also observed when EM 
was used in Method 1 (Section 4.3.1) as evidenced from the UV-visible, FTIR, and XPS 
spectroscopic data (Figure 4.2, 4.3, 4.4) respectively. The intensity of the spectrum in 
Figure 4.10(f) is much reduced to due to the build up of Pd deposition on the surface of
 86


























Figure 4.10 XPS Pd 3d (a to c) and N 1s (d to f) core-level spectra 
of LM after reaction with Pd(NO3)2 at Pd(II)/N molar ratio of 1:5 
for: (a) and (d) 5 min; (b) and (e) 30 min; (c) and (f) 180 min. 
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the particles. However, it is discernible that there is also an increase in the high binding 
energy tail (> 401 eV) which is due to the protonation of the –N= units by the acid (HNO3) 
present. 
   
The collected LM particles were then dissolved in NMP leaving the accumulated 
Pd dispersed in the NMP solution. Figure 4.11 shows how the size of the particles 
obtained varies with reaction time and Pd(II)/N molar ratio. The range of particle size 
obtained from the different Pd(II)/N ratios is narrower than that obtained with Au0 in 
Method 2 if water is used as the reaction medium (comparing Figure 4.11 with Figure 4.7). 
However, the Au0 particle size obtained when acid is used as the reaction medium is quite 
similar to the Pd0 particle size. Thus, the higher rate of the reaction in an acidic medium 
also plays a role in determining the size of the metallic clusters. 
 
The electron microscopy images (SEM and TEM) and EDX spectrum of the 
polyaniline films cast from the sample collected after 180 min are shown in Figure 4.12. 
The good agreement between particle size estimated from the electron microscopy images 
and that determined by laser light scattering is again observed. The elemental analysis of 
the polyaniline film surface as carried out using EDX confirms that the deposited particles 
are palladium (signal at 2.84 KeV) (Weast et al., 1982). A distribution of the Pd particles 
on a nanoscale can also be achieved. 
 
4.4 Conclusion 
 Nanosized gold or palladium particles in polyaniline has been successfully 
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Figure 4.11 Size of Pd0 particles dispersed in NMP after different 




Figure 4.12 SEM and EDX spectrum (a), and TEM (b) of the Pd0
particles dispersed in NMP (Method 3) after a reaction time of 180 
min. Initial Pd(II)/N molar ratio is 1:5. 
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sufficiently long reaction time is confirmed by XPS analysis. The methods employed 
involved the reduction of AuCl3 or Pd (NO3)2 by polyaniline, either in NMP solution, or in 
an aqueous medium followed by the dissolution of the polyaniline in NMP. When the 
metal salt reduction is carried out in NMP solution of polyaniline, the metal particles 
obtained are of the order of 20nm, as determined by laser light scattering and electron 
microscopy. As a result of these reactions, the polyaniline is converted to a higher 
oxidative state. The reduction of metal salts using polyaniline powder in aqueous media 
followed by the dissolution of the polyaniline in NMP yields larger particles, of the order 
of 50 to 200 nm. In either method, the size of the metal particles is dependent on the 
reaction time, reaction medium and initial metal ion to polyaniline ratio. The largest 
particles are obtained when an acidic medium is used which results in the fastest reaction 









POLYANILINE-PALLADIUM COMPOSITE COATINGS  
 





Even though polyaniline film shows good physical properties, the most extensively 
used substrates in application are commercial polymer films, such as LDPE, PTFE and so 
on. The results from Chapter 4 show that polyaniline films incorporating nanosized metal 
particles can be obtained. In this chapter, the results from investigations on the casting of 
such polyaniline-metal composite films on commercial LDPE substrate are presented. 
Surface modification technology, AAc-grafting in this case, was used to enhance the 
adhesion strength between the substrate and polyaniline thin film. In this work, two 
methods were applied to synthesize polyaniline-palladium thin films to be coated on 
LDPE substrate and the effects of reaction conditions on the particle size, distribution in 
the systems and adhesion between polyaniline-palladium and LDPE substrate were 
investigated.  
 
5.2 Experimental Section 
5.2.1 Preparation of AAc-graft Copolymerized LDPE 
 Low-density polyethylene (LDPE) films of dimensions 2 cm × 2 cm × 125 µm 
(Goodfellow, UK) were selected as the substrate for the experiments. The UV-induced 
graft copolymerization of LDPE with acrylic acid (AAc) (Aldrich) monomer was carried 
out according to the procedures reported earlier (Wang et al., 1998). The LDPE films were 
first cleaned with acetone (Aldrich) for 30 min in an ultra-sonic bath. Pretreatment of the 
LDPE film using an Ar plasma (PE 1000, Advanced Energy) for 10 seconds may then be 
carried out to induce the formation of surface peroxide and hydroperoxide species which 
can readily initiate surface free radical polymerization of the AAc. The pre-treated LDPE 
films were immersed in 30 ml of an aqueous solution containing 10 vol.% of AAc in a 
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Pyrex® tube. Each reaction mixture was thoroughly degassed using N2 as the purge gas for 
45 min and sealed under a N2 atmosphere. The reaction mixture was then subjected to UV 
irradiation for 30 min from a 1000 W high-pressure mercury lamp in a Riko RH400-10W 
rotary photochemical reactor equipped with a water bath (Riko Denki Kogyo of Chiba, 
Japan). All UV-induced graft copolymerization experiments were carried out at a 
temperature of about 25ºC. After each grafting experiment, the LDPE films were removed 
from the viscous homopolymer solution and washed with a jet of doubly distilled water. It 
was then immersed in a 60ºC water bath with continuous stirring for 48 h, followed by 
rinsing with copious amounts of distilled water to remove the residual homopolymer. 
 
5.2.2 Preparation of Polyaniline  
The procedures are as described in Section 4.2.1. 
 
5.2.3 Reactions of LM Thin Films with Pd(NO3)2 (Method 1)   
 The coating of polyaniline on the AAc copolymerized LDPE films was carried out 
by immersing the LDPE films into the aniline polymerization system described in Section 
3.2.1 for 5 h. The films were then undoped in a similar manner as that for the polyaniline 
powder. For all these experiments, the LM thin films coated on AAc-g-LDPE (2 cm × 2 
cm × 125 µm) were obtained from the as-synthesized EM thin films coated on AAc-g-
LDPE which were treated with hydrazine (80% solution in water, Aldrich) for 3 h, 
followed by thorough washing with deionized water. Standard solutions (from 20 to 100 
ppm by weight) of Pd in 0.5 M HNO3 solutions were obtained by diluting the concentrated 
Pd(NO3)2 (Merck, 1000 ppm Pd(NO3)2 in 0.5 M HNO3). The uptake of Pd from its acid 
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solutions was carried out at room temperature by adding the as-synthesized LM thin films 
to the Pd(NO3)2 acid solution which was shaken at a constant rate (50 rpm). The films 
were taken out at time intervals of 10, 30, 60, 120 and 180 minutes and immersed in 200 
ml of deionized water for 30 min to remove the unreacted Pd(NO3)2 from the surface of 
the film. The films were then pumped dry under reduced pressure before being subjected 
to the characterization tests.  
 
5.2.4 Reactions of LM Powder with Pd(NO3)2 Followed by Film Casting (Method 2) 
 The reaction of LM powder with Pd(NO3)2 solution was carried out as described in 
Section 4.2.4. The collected particles were undoped by treatment with NaOH and then 
mixed with NMP at a concentration of 2.5 wt% solids. The NMP dissolves the LM 
component resulting in a dispersion of the metal particles in the NMP solution. Two 
techniques were employed for depositing the polyaniline-metal dispersions on the LDPE. 
In the first method, the as-synthesized AAc-graft copolymerized LDPE films were 
immersed into the NMP solution for 30 minutes at a constant stirring rate of 50 rpm. The 
film was then removed and pumped dry under reduced pressure (Method 2a). The second 
method involved spreading a thin layer of the NMP solution of the polyaniline and 
palladium particles on the AAc-graft copolymerized LDPE films directly, followed by 
pumping the film under reduced pressure (Method 2b).  
 
5.2.5 Characterization 
To determine the oxidation state of the palladium species and the polyaniline at the 
selected time intervals, XPS measurements were carried out on a XPS spectrometer 
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(Kratos Analytical, AXIS HSi 165) with an Al Kα X-ray source (1486.6 eV photons) at a 
constant retard ratio of 40. The LDPE films from Methods 1 and 2 (after coating with the 
polyaniline containing metal particles film) were mounted on the sample studs directly 
using double-sided adhesive tape. The core-level signals were obtained at a photoelectron 
take-off angle (α) of 90o with respect to the sample surface. The X-ray source was run at a 
reduced power of 120 W (12 kV and 10 mA). The XPS analysis method was the same as 
described in Section 3.2.3 
 
To qualitatively assess the adhesion of the polyaniline-palladium thin film coating 
on the LDPE substrate, peel tests were employed by applying a piece of Scotch tape 
firmly onto the sample surface and then peeling it off. The tape surfaces after the peel tests 
were then compared. 
 
The electrical conductivity of the film was measured by the two-probe method and 
reported as the sheet resistance (Rs) in Ω/sq (conductivity (S/cm) = 1/(Rs × thickness of 
the film)) (Jaeger, 1993). Each value reported represents an average of at least 5 readings. 
 
The analysis using SEM is the same as described in Section 4.2.6. 
 
5.3 Results and Discussion 
5.3.1 AAc-graft Copolymerization with LDPE 
The success of AAc-graft copolymerization on LDPE is ascertained by the 
presence of the O-C=O groups on the LDPE surface using XPS analysis. The grafting 
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density can be defined as the molar ratio of the (O-C=O) groups (at a binding energy of 
288.8 eV) to the (-CH2-CH2-) groups of the LDPE substrate and is calculated from the 
following spectral area ratio (Neoh et al., 1997): 
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Figure 5.1 XPS C 1s core-level spectra of (a): pristine LDPE, (b): 
LDPE without Ar plasma pretreatment after graft 
copolymerization with AAc and (c): plasma pretreated LDPE (10 
sec treatment time) after graft copolymerization with AAc. 
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5.3.2 Reactions of LM Thin Films with Pd(NO3)2 (Method 1) 
The XPS Pd 3d and N 1s core-level spectra of LM on AAc graft copolymerized 
LDPE after reaction with Pd(NO3)2 (100 ppm in 0.5 HNO3) are shown in Figure 5.2. The 
spectra in this figure (a to d) show two dominant Pd 3d5/2 peaks at 335 eV and 338 eV 
respectively. The peak with a BE of 335 eV is characteristic of Pd0 species, while the peak 
at 338 eV is characteristic of Pd(II) species (Chastain, 1992). It is quite clear that the Pd0 
is the main state of the palladium deposited on the film’s surface at the initial stage (10 
min) of the reactions. This result is also demonstrated in the previous chapter on LM free-
standing films (~ 20 µm in thickness) (Section 3.3.1., Chapter 3). As the reactions proceed, 
the intensity of peaks associated with Pd(II) increases which implies that more free Pd(II) 
species in acid solutions deposit on the surface without further reduction to Pd0. This 
increase in Pd(II)/Pd ratio on the films’ surface as reaction time increases is observed for 
all the conditions tested (Pd(NO3)2 concentration from 20 to 100 ppm), and is the most 
significant when the rate of Pd deposition is highest, ie at 80 to 100 ppm. This result is 
rather different from the earlier work on LM powder (Huang et al., 1998) and LM free 
standing films (Chapter 3) and this difference may be due to the degradation of the LM 
thin film due to hydrolysis reactions (Neoh et al., 1997). As the products of degradation 
process are soluble, this process results in a loss of reaction sites (amine groups). As a 
result, the Pd species may complex with polyaniline rather than undergo complete 
reduction to the metallic state (Neoh et al., 1997). A small Pd 3d5/2 component peak at 
336.5 eV is also seen in this figure. Although the exact nature of the third Pd component is 
not certain at present, its presence has also been reported in earlier investigations of the 
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Figure 5.2 XPS Pd 3d (a to d) and N 1s (e to h) core-level spectra of 
LM on AAc-graft copolymerized LDPE after reaction with 100 ppm 
Pd(NO3)2 in 0.5 M HNO3 (Method 1) for: (a) and (e) 10 min; (b) and (f) 
60 min; (c) and (g) 120 min; (d) and (h) 180 min. 
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 The changes in the N 1s spectra (Figure 5.2) with reaction time are similar to those 
shown in Figure 4.10 (Chapter 4), and confirm the conversion of the LM to a higher 
oxidation state, as the Pd(NO3)2  is being reduced to Pd0 (see above). At the same time, 
since the reactions are carried out in 0.5 M HNO3, the intensity of the -N+- peaks also 
increases as the reactions progress due to the protonation of the –N= groups. However, 
since the films after reaction with Pd(NO3)2 were washed with deionized water, some 
extent of undoping would have occurred resulting in the conversion of some of the N+ 
units to –NH- and –N= units.  
 
The SEM with EDX images of the polyaniline on AAc-graft copolymerized LDPE 
film after different reaction times in Pd(NO3)2 are shown in Figure 5.3. The average 
particle size at the early stages of the reactions (reaction time ≤ 60 min) as estimated from 
these images is about 100 nm or less. From the EDX spectrum, the signal at about 2.84 
KeV confirms the existence of Pd dispersed in the polyaniline film (Weast et al., 1982). 
Although the size of the deposited metal particles does not increase substantially between 
10 to 60 min, after a reaction time of 180 min or more, the surface of the LM film is 
covered with Pd (Figure 5.3d and 5.3e).  
 
The Pd/N ratio on the surface of the polyaniline (LM) on the AAc-graft 
copolymerized LDPE substrate after reaction with Pd(NO3)2 is shown in Figure 5.4. The 
results shown were obtained using 2 cm × 2 cm of LM films immersed in 50 ml of 
different Pd(NO3)2 concentrations in HNO3. The Pd/N molar ratios were calculated from 






Figure 5.3 SEM images of polyaniline (LM) on AAc-graft 
copolymerized LDPE after reaction with 100 ppm Pd(NO3)2 in 0.5 M 
HNO3 (Method 1) for: (a) 0 min; (b) 10 min; (c) 60 min; (d) 180 min; 
and EDX images, (e) and (f), of (d). 
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80 ppm 20 ppm
Figure 5.4 Surface composition of polyaniline (LM) on AAc-graft 
copolymerized LDPE after reaction with Pd(NO3)2 of different 
concentrations in 0.5 M HNO3 (Method 1). 
100 ppm
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spectra respectively, after correction with the respective sensitivity factors. As expected, 
the Pd/N ratio on the surface of the film increases with reaction time as more palladium is 
deposited. For a Pd(NO3)2 concentration higher than 40 ppm, the rate of Pd deposition has 
slowed substantially beyond 120 min. It can also be seen that as the concentration of Pd(II) 
species in solution increases, there is an increase in the surface Pd/N molar ratios at fixed 
reaction times. However, increasing the Pd(NO3)2 concentration beyond 80 ppm results in 
only a small increase in the surface Pd/N molar ratio for the entire reaction period (10 to 
180 min).  
 
5.3.3 Reactions of LM Powder with Pd(NO3)2 Followed by Film Casting (Method 2) 
The LM particles collected after reaction with Pd(NO3)2 in 0.5 M HNO3 for 
various time periods were dissolved in NMP leaving the accumulated Pd dispersed in the 
NMP solution. A coating of metal particles and polyaniline on the AAc-graft 
copolymerized LDPE was obtained by immersing the LDPE film into the NMP solution of 
polyaniline and metal particles (Method 2a) for 30 min. The results of the XPS analysis of 
these films are shown in Figure 5.5. The Pd 3d5/2 spectra of LM after reaction with 
Pd(NO3)2 at an initial Pd/N molar ratio of 1:5 for varying periods of time are shown in 
Figure 5.5a to 5.5c. The presence of Pd0 is confirmed by the presence of the Pd 3d5/2 peak 
at 335 eV while the component peak with binding energy at 338 eV is attributed to the 
Pd(II) species (Chastain, 1992). In comparison with Figure 5.2a to 5.2d, the most obvious 
difference is that the intensity of the peak associated with Pd(II) at 338 eV in Figure 5.5 
does not increase as the reaction progresses, ie Pd0 remains as the predominant species on 
the LDPE film. This difference may be due to the difference in surface area and reaction 
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ergy (eV) Figure 5.5 XPS Pd 3d (a to c) and N 1s (d to f) core-level spectra of 
polyaniline-palladium film on AAc-graft copolymerized LDPE. 
Films were prepared by reacting LM with Pd(NO3)2 at an initial 
Pd(II)/N molar ratio of 1:5 (Method 2a) for: (a) and (d) 10 min; (b) 
and (e) 60 min; (c) and (f) 180 min. 105
number of reaction sites. Thus, as can be seen from Figure 5.4, increasing the Pd 
concentration in solution beyond a certain value does not further increase the Pd uptake by 
the film. As the reactions progress, a further loss of reaction sites (-NH-) due to oxidation 
and subsequent hydrolysis can be expected. Hence, an excess of Pd(II) species may not be 
completely reduced to Pd0 on the polyaniline surface. On the other hand, the use of LM 
particles (≈ 2260 nm) in Method 2 offers much higher surface area and hence more 
reaction sites for the complete reaction of Pd(II) to Pd0 on the polyaniline surface. 
 
The corresponding N 1s spectra of LM after reaction with Pd(NO3)2 are shown in 
Figure 5.5d, 5.5e and 5.5f. The three N 1s spectra are different from those in Figure 5.2e, 
5.2f and 5.2h due to the undoping of the polyaniline particles by NaOH followed by 
dissolution in NMP in Method 2. Hence the high binding energy tail due to -N+- is not 
present in Figure 5.5d, 5.5e and 5.5f. The N 1s spectrum of LM after 10 min of reaction 
shows a predominant peak at 399.4 eV, attributable to the –NH- component (Tan et al., 
1989). But as the reaction with Pd(NO3)2 proceeds, the ratio of the –N= (at 398.2 eV) to   
–NH- peak intensity increases, consistent with the increase in the oxidation state of the 
polymer. After 60 min, the polyaniline exists in the emeraldine form, with almost equal 
proportions of –N= and –NH- species (Figure 5.5e). A further increase in reaction time to 
180 min results in the conversion of the polyaniline to close to the nigraniline form (67%  
-N= groups, compared to 75% -N= expected of nigraniline) (Figure 5.5f). 
 
Figure 5.6 shows the scanning electron micrographs and EDX images of 
polyaniline-palladium thin films cast from NMP solutions onto the AAc-graft 
copolymerized LDPE substrate. These samples were obtained from LM particles reacting 
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(a) Pristine LM (b) t = 10 min, (Pd/N)I = 1:5 
(c) t = 60 min, (Pd/N)I = 1:5 (d) t = 180 min, (Pd/N)I = 1:5 
(e) t = 180 min, (Pd/N)I = 1:5 (f) t = 180 min, (Pd/N)I = 1:5
(g) t = 180 min, (Pd/N)I = 1:20 
Figure 5.6 SEM (a to d, g) and EDX (e, f) images of polyaniline-
palladium on AAc-graft copolymerized LDPE prepared using 
Method 2b after different reaction times (t) and initial Pd(II)/N ratios 
((Pd/N)I). 
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with Pd(NO3)2 solution at an initial Pd(II)/N molar ratio of 1:5 after different reaction 
times (Figure 5.6a to 5.6f) and at an initial Pd(II)/N molar ratio of 1:20 after 180 min 
(Figure 5.6g). From the SEM and EDX images, the small palladium particles can be 
clearly seen to be quite evenly distributed in the polymer film. A difference between this 
method and Method 1 is the increase in particle size as the reactions progress. At the 
initial stages of reaction (≈ 10 min) at a Pd(II)/N molar ratio of 1:5, the average particles 
size is about 70 nm as calculated from the SEM images. After 180 min, the size increases 
by a factor of 3. This increase in particle size is the direct result of the increase in size of 
the palladium clusters accumulated on the surface of the polyaniline powder as the 
reactions progress and the subsequent dispersion of the particles in the polyaniline-NMP 
solution. From the EDX spectrum, the signal at about 2.84 KeV confirms the existence of 
Pd (Weast et al., 1982) dispersed in the polyaniline matrix. A comparison of Figure 5.6g 
with Figure 5.6d shows that within the same period of reaction, the decrease in the initial 
molar ratio of Pd(II)/N from 1:5 to 1:20 results in the deposited Pd particles being much 
smaller and the number of particles per unit area of the film also decreases substantially. 
 
In the case of Method 2, the effect of initial Pd(II)/N ratio on the size of the Pd 
particles obtained has been presented in Figure 4.11. The Pd/N ratios on the surface of the 
polyaniline films from Method 2a as determined by XPS analysis are presented in Figure 
5.7a for various initial Pd(II)/N ratios in the reaction mixtures and at different reaction 
times. As expected, with increasing reaction time, the surface Pd/N ratio increases. 
However, for any reaction time, the highest surface Pd/N ratio is obtained at an initial 
Pd(II)/N of 1:5. The highest Pd/N ratio obtained using Method 2 is about 5 times lower 




















































Reaction Time (min) 
Figure 5.7 Surface composition of polyaniline-palladium on AAc-
graft copolymerized LDPE prepared using: (a) Method 2a and (b) 
Method 2b. 
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former the Pd particles are distributed in the polyaniline matrix while in the latter, the Pd 
is deposited largely on the surface of the polyaniline. It is interesting to note that the 
surface Pd/N ratios shown in Figure 5.7a are substantially higher than the initial Pd/N 
ratios of the reactants, in most cases. This may be due to the size of the Pd particles (~ 100 
nm) and the limited probing depth of the XPS technique (< 10 nm in organic matrix). 
Thus, the Pd particles near the surface of the film may contribute disproportionately to the 
XPS signal, especially if there is a large amount of Pd in the film (eg. at long reaction 
times and initial Pd(II)/N ratio of 1:5). It may also be possible that during the process of 
Pd deposition on the LM particles in the first step of Method 2, some of the LM may be 
completely covered by Pd and not dissolved by NMP in the subsequent step. This may 
also contribute to a higher Pd/N ratio on the film surface although this is not expected to 
be the major cause. 
 
The results presented in Figure 5.5, 5.6 and 5.7a were obtained by immersing the 
AAc-graft copolymerized LDPE film into NMP solutions of polyaniline and metal 
particles (Method 2a). As a comparison, an alternative method of spreading the NMP 
solutions onto the AAc-graft copolymerized LDPE substrate (Method 2b) was also tested. 
In this method, the polyaniline-Pd films formed are thicker. The Pd/N ratios on the surface 
of such films are given in Figure 5.7b. The surface Pd/N ratios in this case are similar to 
(at low Pd loadings) or higher than the corresponding ratios obtained using the Method 2a 
(Figure 5.7a). For both Method 2a and 2b, it is clear that the highest surface Pd/N is 
obtained at an initial Pd(II)/N ratio of 1:5, and not at the highest Pd(II)/N ratio used, ie 1:1. 
This result is entirely consistent with the results in Chapter 4 which showed that in a 
reacting mixture of LM powder and Pd(NO3)2 in 0.5 M HNO3 for initial Pd(II)/N ratios 
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ranging from 1:1 to 1:20, the Pd(NO3)2 concentration in solution decreases most rapidly 
when the initial Pd(II)/N ratio is 1:5 followed by 1:10, 1:20 and 1:1 (slowest). The uptake 
of Pd from the solution by the LM particles would depend on the number of reaction sites 
(the N groups of LM) available. Thus, the largest initial Pd(II)/N ratio, ie 1:1, represents 
the smallest number of reaction sites available. 
 
5.3.4 Adhesion and Conductivity of Polyaniline-Palladium Films 
 Figure 5.8 shows the results of the peel tests conducted on samples prepared by 
Method 1(a to c), Method 2a (d to f) and Method 2b (g to i) using the AAc-graft 
copolymerized LDPE substrate with a grafting density of 0.11. The amount of polyaniline-
palladium coating peeled off by the Scotch tape (seen as dark patches) increases as the 
reaction time increases in all cases. For a particular reaction time, the adhesion is best in 
Method 1 and worst for Method 2b. In Method 1, as the reaction progresses, the 
interactions of the polyaniline with the Pd deposited either as Pd0 or a Pd(II) complex 
weaken the interactions between the polyaniline and the AAc-graft copolymerized chains 
on the LDPE surface. In Method 2a and 2b, the Pd particles exist as separate entries in the 
continuous phase formed by the polyaniline. As the Pd content and particle size increase, 
the “discontinuities” in the polyaniline phase also weaken the interactions between the 
polyaniline and AAc-graft copolymerized chains. In Method 2b, the polyaniline-palladium 
layer is significantly thicker than those prepared using Method 1 and Method 2a. Since the 
interaction between the AAc graft copolymerized chains and the polyaniline is expected to 
be the strongest at the point of contact, as the polyaniline layer increases in thickness, the 
topmost layer will be the most easily peeled off. 
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 (a) t = 10 min (b) t = 60 min (c) t = 180 min
(d) t = 10 min 
(g) t = 10 min 
(e) t = 60 min 
(h) t = 60 min 
(f) t = 180 min 
(i) t = 180 min 
(j) t = 180 min (k) t = 180 min (l) t = 180 min 
Figure 5.8 Scotch tapes surfaces after peel tests performed on 
polyaniline-palladium on AAc-graft copolymerized LDPE with a 
grafting density of 0.11 prepared using Method 1 (a to c), Method 2a 
(d to f), Method 2b (g to i); and with a grafting density of 1.5 for 
Methods 1, 2a and 2b (j to l) respectively. t is the reaction time in 
Pd(NO3)2 solution.  
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 As mentioned in an earlier section, Ar plasma pretreatment of the LDPE gives rise 
to a higher grafting density of AAc (Figure 5.1). The higher grafting density in turn 
increases the interactions between the AAc-graft copolymerized chains and the 
polyaniline chains. The results of the peel tests conducted on samples prepared using 
Method 1, 2a and 2b at a reaction time of 180 min using the LDPE substrates with a 
rafting density of 1.5 are shown in Figure 5.8 (j to l). Comparing these results with those 
obtained under corresponding conditions using LDPE substrates with a grafting density of 
0.11 (Figure 5.8c, 5.8f and 5.8i), it can be seen that the adhesion strength is notably 
increased at the higher AAc-graft density.  
  
The surface resistance (Rs) of the LM films prior to reaction with Pd(NO3)2 
(Method 1) is > 1010 Ω / sq. In Method 1, the polyaniline after reaction with Pd(NO3)2 
exists in the doped (green in color) state. This is expected since the LM is oxidized as a 
result of these reactions and in an acidic medium the protonation of the –N= units would 
occur. Thus, the film from Method 1 is expected to be conductive with contribution from 
both the doped polyaniline and the Pd particles. In order to get an indication of the 
contribution of each component, the films were subsequently undoped using NaOH (the 
film turns blue-violet) and the Rs of the films before and after undoping are compared in 
Figure 5.9. The similarity in the Rs values of the doped and undoped films indicates that 
the Pd particles confer conductivity to the film regardless of the state of the polyaniline. 
  
In the case of films prepared by Method 2, the treatment of the polyaniline-
palladium samples (in the powder form) with NaOH prior to dissolution in NMP ensures 




























Reaction Time (min) 
Method 1 (doped)
Figure 5.9 Surface resistance of polyaniline-palladium films 
prepared using Method 1 (100 ppm of Pd(NO3)2) and Method 2b 
(initial Pd(II)/N = 1:5). 
 114
surface. Figure 5.9 shows that the Rs of the film obtained by this method using after a 
reaction time of 60 min and an initial Pd/N molar ratio of 1:5 (Method 2b) is quite similar 
to that of Method 1. Hence the conductivity of the film is due primarily to the Pd particles. 
The Rs values (to 10% accuracy) of the order of 2 × 104 Ω / sq are an order of magnitude 
higher than that obtained with a polyaniline (EM state) film protonated with 1 M HClO4 
(Zhao et al., 2000). However, if the extent of Pd deposition is low, for example, when an 
initial Pd(II)/N molar ratio of 1:20 is used in Method 2b (refer to Figure 5.6g) then the 
polyaniline-palladium thin film as prepared by Method 2b remains non-conductive with 
Rs > 1010 Ω / sq.  
 
5.4 Conclusion 
 In this work, polyaniline-palladium coatings on AAc-graft copolymerized LDPE 
substrates were prepared using different methods. The presence of AAc-graft 
copolymerized chains on the LDPE surface is essential to ensure good adhesion with the 
polyaniline. In the first method (Method 1), the deposition of palladium was carried out on 
preformed leucoemeraldine (LM) thin films on the LDPE substrate. This method results in 
a formation of Pd clusters of 100 nm which eventually merge into a Pd layer on the 
surface of the film. This Pd layer imparts conductivity to the film even after the 
polyaniline is undoped. In the second method (Method 2), the Pd is first deposited onto 
LM particles which are then undoped and cast onto the AAc-graft copolymerized LDPE  
film. The Pd particles are distributed in the polyaniline matrix rather than confined to the 
surface region (as seen in Method 1). The size of the metal particles is dependent on the 
reaction time and initial metal ion to polyaniline ratio. The largest particles are obtained at 
 115
long time reaction times and when the metal ion/N ratio is close to 1:5. A high density of 
Pd particles in the polyaniline matrix also imparts conductivity to the film even though the 
polyaniline is in the undoped state. Peel tests showed that the best adhesion between the 
polyaniline-palladium layer and the LDPE substrate is obtained with the films from 
Method 1. The lower adhesion strength observed with films obtained from Method 2 is 
attributed to the presence of palladium particles in the polyaniline phase which interfere 
with the interactions between the polyaniline and AAc-graft copolymerized chains on the 
LDPE substrate. As the palladium content increases, the adhesion between the 
polyaniline-palladium layer and the LDPE substrate decreases. A higher AAc-graft 



















6.1 Plasma Polymerization of Aniline on Different Surface Functionalized Substrates 
6.1.1 Introduction 
 As demonstrated in the previous chapter, polyaniline films can be successfully cast 
on LDPE thin film via conventional chemical synthesis and casting methods. As an 
extension, further investigations were conducted on how to control the thickness of the 
polyaniline film and to obtain a relatively smooth surface. Plasma technology has 
advantages in these aspects. It was also demonstrated in Chapter 5 that adhesion strength 
can be improved after the surface modification treatment of LDPE substrate. Thus, 
different surface-modified LDPE films were employed as the substrates for aniline plasma 
polymerization. Since conductivity is of importance, different methods were applied to 
impart conductivity to the plasma polymerized aniline. Metallization of the plasma 
polymerized aniline was also investigated. 
   
6.1.2 Experimental Section 
6.1.2.1 AAc-graft Copolymerized LDPE (AAc-g-LDPE) 
 
 The procedures are described in Section 5.2.1. 
 
6.1.2.2 PSSA Coated LDPE (PSSA-c-LDPE) 
 Standard solutions of polystyrenesulfonic acid (PSSA) (0.5% wt) were obtained by 
diluting the concentrated PSSA solution (Polysciences, 30% in water) with ethanol. Since 
the AAc-g-LDPE film can provide better adhesion than pristine LDPE, it was employed as 
the substrate for the coating of PSSA. The coating of PSSA on AAc-g-LDPE thin films 
was carried out at room temperature by immersing the as-synthesized AAc-g-LDPE thin 
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films in the standard PSSA solutions for 1 min. The films were then pumped dry under 
reduced pressure before being used as substrates in the plasma polymerization.  
 
6.1.2.3 Viologen-graft Copolymerized LDPE (viologen-g-LDPE) 
The LDPE films were first washed in acetone in an ultrasonic bath for 1 hour to 
get rid of surface impurities and then dried under dynamic vacuum in a desiccator. The 
cleaned films, cut into strips of 2cm×4cm, were treated by argon plasma for 30s on both 
sides, using an Anatech SP100 plasma system. The plasma power applied was kept at 36 
W. These plasma treated films were exposed to air for 5~10 minutes before proceeding 
with the graft copolymerization experiments. This results in the formation of the surface 
oxide and peroxide groups, which were utilized for initiating the subsequent graft 
copolymerization. The grafting of viologen on LDPE followed a 2-step process described 
in the literature (Ng et al., 2001).   
 
In the first step, the graft copolymerization of vinyl benzyl chloride (VBC) with 
LDPE was carried out by placing the argon plasma pretreated LDPE films in degassed 
ethanol solutions containing of 5% vol VBC. Degassing of the solutions was achieved by 
bubbling argon vigorously into the solutions in test tubes for 40 minutes before stoppering 
and sealing the tubes. The tubes of VBC solutions containing the LDPE films were then 
exposed to UV-irradiation in a Riko rotary photochemical reactor (RH400-10W) at 
24~28°C for 90 minutes. The graft-copolymerized films were finally subjected to 
prolonged washing with DMF and water to remove residual homopolymers and reactants 
in an ultrasonic bath. 
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The viologen moieties were introduced via the reaction of the VBC-graft 
copolymerized films with an equimolar mixture of dichloro-para-xylene and 4,4’-
bipyridine (0.06M of each) in DMF at 60°C for 20 h. The reacted films were washed with 
DMF followed by deionized water to remove unreacted reactants and homopolymers. The 
viologen-grafted films were finally dried under reduced pressure for further use.  
 
6.1.2.4 Plasma Polymerization of Aniline 
 Plasma polymerizations were carried out using a Samco Basic Plasma Kit (Model 
BP-1). In a typical experiment, the substrate films were placed on the lower electrode. 
After the system was evacuated to lower than 5 Pa, argon gas was introduced into the 
reactor for plasma pretreatment for 10 s. In the pretreatment step, the flow rate of argon 
gas was fixed at 25 ml/min, the pressure at 100 Pa, and the RF power 20 W. After the 
pretreatment, argon was bubbled through a reservoir of aniline at room temperature and 
the aniline monomer was carried by the argon gas into the reactor. In this step, the argon 
gas flow rate and the pressure of reactor were kept the same as the conditions of the 
pretreatment step. Various power inputs were employed for igniting the glow discharge. 
The polymerization time was fixed at 5 min. 
 
6.1.2.5 Reactions of Plasma Polymerized Aniline 
 Acid protonation of aniline plasma polymerized on pristine and AAc-g-LDPE thin 
films was carried out by immersing them in 1 M HClO4 acid for 30 min. The films were 
then washed with deionized water and pumped dry immediately. The acid treated films 
were also treated with 1 M NaOH for either 30 min or 24 h. The acid and base treatment 
were carried out without stirring in order to minimize damage to the thin plasma 
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polymerized aniline layer. UV-irradiation of plasma polymerized aniline on the viologen-
g-LDPE films was carried out in a Riko RH400-10W rotary photochemical reactor 
equipped with a water bath for 30 min to investigate the possible interactions between 
plasma polymerized aniline and viologen. Lastly, the plasma polymerized aniline was 
treated with hydrazine (30% wt in water) for 10 min followed by thorough washing with 
water to reduce the plasma polymerized aniline. The reduced films were then immediately 
pumped dry and immersed in AuCl3 and/or Pd(NO3)2 acid solutions for 180 min followed 
by thorough washing with water. Standard AuCl3 and Pd(NO3)2 acid  solutions (100 ppm 
in 0.5 M HCl or HNO3, respectively) were obtained by diluting the concentrated metal 
acid solutions (Merck) with the respective acid. 
 
6.1.2.6 Film Characterization 
XPS measurements carried out was described in Section 5.2.5. 
 
FTIR, UV and SEM measurements were the same as described in Section 4.2.6. 
 
The electrical conductivity of the film was measured as in Section 5.2.5. 
 
For the determination of the thickness of the plasma polymerized aniline layer, the 
polymerization was carried out on a silicon plate substrate and the thickness was measured 
by an Alpha-Step 500 Surface Profiler.  
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6.1.3 Results and Discussion 
6.1.3.1 Characterization of Plasma Polymerized Aniline 
The XPS N 1s core-level spectra of plasma polymerized aniline obtained using 
different RF powers and on different substrates are shown in Figure 6.1. The N 1s spectra 
can be deconvoluted into component peaks at 398.2 eV and 399.4 eV, attributed to the      
–N= and –NH- groups of polyaniline respectively, and a higher binding energy (> 401 eV) 
tail due to oxidation species or positively charged nitrogen (Tan et al., 1989). The most 
dominant peak shown in this figure is associated with the –NH- groups. This structure is 
rather different from the chemically synthesized polyaniline in the base state 
(unprotonated, 50% oxidized) which has two peaks of almost similar intensities at 398.2 
eV and 399.4 eV (Master et al., 1991). Although some previous studies have reported on 
the changes in polyaniline structure during plasma polymerization, the details are not clear 
(Gong et al., 1998; Olayo et al., 2001; Morales et al., 2000). We postulate that coupling 
reactions and crosslinking reactions are the two most possible reasons for this difference 
in the structure of plasma polymerized aniline. There are two important reaction sites to be 
considered in the aniline monomers. The first is the initiation of the polymerization via 
substitution of the benzene rings; the second is the formation of active sites when the 
benzene rings are broken apart by the glow discharge energy. Free radicals are generated 
from the collisions of electrons with monomer molecules which then facilitate coupling 
reactions since the dissociation energy can be distributed internally through a larger 
number of degrees of freedom (Hynek et al., 1992). In this case, oligomers can be 
obtained which have rather high content of –NH- groups. At the same time, the chains of 
polymer are branched and randomly terminated with a high degree of crosslinking. Due to 
these mechanisms, some of the –NH2 groups remain unreacted as opposed to the linear 
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Figure 6.1 XPS N 1s core-level spectra of plasma polymerized 
aniline on pristine LDPE at different RF powers: (a) 5 W, (b) 20 
W, (c) 35 W; and on different substrates at RF power of 35 W: (d) 
AAc-g-LDPE, (e) PSSA-c-LDPE and (f) Viologen-g-LDPE. The 
polymerization time is fixed at 5 min.
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polymerization of aniline via addition polymerization in the conventional chemical 
method. From Figure 6.1a to 6.1c, as the RF power increases, the intensity of peaks 
associated with =N- groups and  –N+- groups increases. The increase in the RF power 
increases the bombardment energy on the growing film which can activate those trapped 
free radicals that cannot recombine rapidly. These free radicals can then participate in the 
polymerization. The increase in the proportion of -N+- groups is attributed to the high 
probability of ion formation under high energy. 
  
The structures of aniline plasma polymerized on AAc-g-LDPE and viologen-g-
LDPE (Figure 6.1d and 6.1f) are rather similar to that on pristine LDPE whereas the 
structure of aniline plasma polymerized on PSSA thin layer which is coated on AAc-g-
LDPE shows a higher intensity of –N+- groups (Figure 6.1e). This result can be attributed 
to the strong acidity of PSSA which results in the doping of the plasma polymerized 
aniline during the polymerization reaction. Since poly (acrylic acid) is a rather weak acid, 
a corresponding high proportion of –N+- groups is not observed in Figure 6.1d. 
  
The FTIR absorption spectra of the aniline plasma polymerized at different RF 
powers are shown in Figure 6.2. In these spectra, the bands at about 696 cm-1, 754 cm-1 
and 830 cm-1 are associated with meta, ortho and para substitutions (Gong et al., 1998; 
Cruz et al., 1997). The diminished intensity of the last band compared to those of the 696 
cm-1 and 754 cm-1 bands supports the above-mentioned argument in favor of the formation 
of the branched structures in the polymer. The bands at about 1173 cm-1, 1316 cm-1 and 
2932 cm-1 are attributed to the C-C, C=C and C-H interactions (Gong et al., 1998; Cruz et 
al., 1997). The band at about 2300 cm-1 is not found in polyaniline synthesized from 
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Figure 6.2 FTIR absorption spectra of plasma polymerized aniline on 
KBr pellets at different RF powers. The polymerization time is fixed 








1. 696 cm-1        2. 754 cm-1       3. 830 cm-1
4. 1173 cm-1      5. 1316 cm-1     6. 1500 cm-1
7. 1600 cm-1      8. 2300 cm-1     9. 2932 cm-1
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conventional method, but appears in plasma polymerized aniline as shown in this figure. 
For the FTIR measurements, KBr pellets were used as substrates in the plasma 
polymerization of aniline and it is possible that diazonium salts can be formed  via 
reaction of KBr with the reaction intermediates such as diazo benzene. These salts absorb 
at about 2300 cm-1 (John, 1995). Another structure which can possibly contribute to this 
peak is C≡C which may arise during the course of plasma polymerization. The other two 
dominant bands are at about 1500 cm-1 and 1600 cm-1 which are assigned to benzenoid 
and quinoid rings respectively (Tang et al., 1988; Cao et al., 1986). 
 
Figure 6.3 shows the SEM and AFM images of the plasma polymerized aniline on 
pristine and AAc-g-LDPE thin films. The average thickness of the plasma polymerized 
aniline film on silicon under the same conditions was measured to be 120 nm. From the 
SEM images, it can be seen that the surface is continuous with the presence of folds. The 
results from Cruz et al. showed that two regions with different appearances (bubbles and 
plain film) were obtained (Cruz et al., 1997). This type of films is not observed in the as-
synthesized films in the present work. The SEM results show that folding is more 
extensive in the plasma polymerized aniline layer on AAc-g-LDPE thin film, and this is 
reflected in the increase in roughness value (Ra) for this sample compared to that of the 
plasma polymerized aniline on pristine LDPE. Since template effects are expected in 
plasma polymerization, the result may be due to the increased roughness of the AAc-g-
LDPE substrate as compared to the pristine LDPE. It has been reported that the surface 
roughness of PET and PCL films increased after copolymerization with AAc (Ying et al., 
2003; Cheng and Teoh, 2004). Thus, it is rational to infer that the roughness of LDPE 










(b) Ra = 11.7 nm
(d) Ra = 32.9 nm
Figure 6.3 SEM and AFM images of plasma polymerized aniline 
(RF power of 35 W) on different substrates: (a) and (b): pristine 
LDPE, (c) and (d): AAc-g-LDPE. The polymerization time is fixed 
at 5 min. 
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Figure 6.4 shows the UV-visible absorption spectra of plasma polymerized aniline 
on pristine LDPE and AAc-g-LDPE before and after various periods of time in water. As 
seen from this figure, there are two dominant peaks at around 260 nm and 290 nm. It is 
interesting that none of the characteristic peaks associated with the 50% oxidized 
polyaniline (emeraldine base) at 330 nm and 637 nm, or the fully reduced polyaniline 
(leucoemeraldine) at 343 nm, and the fully oxidized polyaniline (pernigraniline) at 283 nm 
and 327 nm can be found in this figure (Master et al., 1991). This provides further 
evidence of the differences in the structure of plasma polymerized aniline and those of 
chemically or electrochemically synthesized polyaniline. It is well known that with 
conjugated chromophores, the UV-visible absorbance band shifts to shorter wavelength 
with shorter conjugated molecular chains (Gong et al., 1998). Thus, it can be concluded 
from these spectra that shorter chain polymers are formed by plasma polymerization as 
mentioned earlier. With increasing RF power, the absorbance of the film (before treatment 
in water) generally increases significantly. Since the absorbance of the film can be used as 
a qualitative indication of the thickness of plasma polymerized aniline layer, it is clear that 
with increasing RF power, the thickness of the deposited plasma polymerized aniline layer 
increases. This is consistent with the results reported earlier by Cruz et al. (Cruz et al., 
1997).
 
The effect of water on the plasma polymerized aniline film can be clearly seen 
from Figure 6.4. When pristine LDPE is used as the substrate (Figure 6.4a to 6.4c), there 
is a significant decrease in absorbance with treatment time in water. This is an indication 
of the loss of materials from the substrate due to poor adhesion of the plasma polymerized 
aniline. It can also be seen that the rate of the loss of the plasma polymerized aniline layer
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Figure 6.4 UV-visible absorption spectra of plasma polymerized 
aniline on different substrates after immersion in water for various 
periods of time: (a) to (c): pristine LDPE, (d) to (f): AAc-g-LDPE. 
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is dependent on the RF power used. From the UV-visible absorption results, it can also be 
inferred that the thickness of the plasma polymerized aniline on the pristine and the AAc-
g-LDPE substrates are comparable. This is different from the results obtained with such 
substrates in the chemical polymerization of aniline, where the AAc-g-LDPE substrate 
enhances the growth of the polyaniline layer (Neoh et al., 1998). This difference is again 
attributed to the different mechanisms occurring during the plasma and chemical 
polymerization processes. From Figure 6.4d to 6.4f, it can be seen that the loss of plasma 
polymerized aniline from the AAc-g-LDPE substrate after the water treatment is 
insignificant. Hence AAc-g-LDPE provides better adhesion with the plasma polymerized 
aniline layer than pristine LDPE. It is well known that electrostatic interactions introduced 
by self-doping or self-protonating due to the presence of AAc, H bonding formed between 
COOH and nitrogen groups and chain entanglement can increase adhesion strength 
significantly (Ma et al., 1999; Kang et al., 1996; Kang et al., 1998). 
 
6.1.3.2 Reactions Carried Out with Plasma Polymerized Aniline 
To induce conductivity in the plasma polymerized aniline thin layer, protonation 
was carried out by immersing the plasma polymerized aniline layer into 1 M HClO4 for 30 
min. The XPS N 1s and Cl 2p core-level spectra of the acid treated plasma polymerized 
aniline are shown in Figure 6.5. In Figure 6.5a, there are three dominant peaks, at 399.4 
eV, and at higher binding energy (> 401 eV), attributed to –NH- groups and –N+- groups 
respectively (Tan et al., 1989). In comparison with Figure 6.1c, the intensity of the peaks 
associated with –N+- groups has increased dramatically due to protonation. Although the 
imine groups is not the main component in the pristine plasma polymerized aniline, the 
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Figure 6.5 XPS N 1s and Cl 2p core-level spectra of aniline plasma 
polymerized at RF power of 35 W on (a) and (d): pristine LDPE 
after treatment with 1 M HClO4 for 30 min, (b) and (e): AAc-g-
LDPE after treatment with 1 M HClO4 for 30 min; (c) and (f): 
viologen-g-LDPE after UV irradiation for 30 min. 
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which is consistent with the postulate that protonation occurs preferentially at the imine 
units  (Chiang et al., 1986). When all imine units are protonated, the protonation of amine 
units may occur and this may explain high N+/N ratio (0.69) obtained in this case. 
 
The XPS Cl 2p core-level spectra of the HClO4-protonated films on both pristine 
LDPE and AAc-g-LDPE (Figure 6.5d and 6.5e respectively) indicate a dominant envelope 
which can be resolved into two peaks (Cl 2p3/2 and Cl 2p1/2 components) lying at 207.4 
and 208.8 eV (Neoh et al., 1991). This signal is attributed to the ClO4- species. The ClO4-
/N+ for both film is ~1, indicating that charge neutrality is maintained.   
 
The XPS N 1s and Cl 2p core-level spectra of the plasma polymerized aniline on 
viologen-g-LDPE film after UV irradiation for 30 min are shown in Figure 6.5c and 6.5f 
respectively. Before UV-irradiation, the Cl 2p signal is very weak and the Cl/N ratio is 
0.04. After 30 min irradiation, there is an increase in the intensity of the Cl 2p signal and 
the Cl/N ratio increases to 0.22. The Cl 2p core-level spectra of the irradiated film can be 
deconvoluted into two spin-orbit split doublets (Cl 2p3/2 and Cl 2p1/2), with the BE for the 
Cl 2p3/2 peaks at about 197.1 eV and 200.2 eV (Neoh et al., 1991). The first component 
can be assigned to the ionic chlorine (Cl-), the second to the covalent chlorine (-Cl) (Neoh 
et al., 1991). The substantial increase in intensity of the Cl- peak in the Cl 2p spectrum is 
accompanied by a disappearance of the imine units and an increase in N+ of the plasma 
polymerized aniline (compare Figure 6.5c with Figure 6.1f). Thus, the viologen may have 
reacted with the plasma polymerized aniline under UV irradiation. 
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Similar results have been reported earlier on the interactions of viologen-g-LDPE 
with chemically synthesized thin polyaniline films (Zhao et al., 2002). However, after UV 
irradiation, the sheet resistance (Rs) of the plasma polymerized aniline on viologen-g-
LDPE film remains > 7 × 109 Ω/sq. whereas, for the chemically synthesized polyaniline, 
Rs decreases sharply from > 7 × 109 Ω/sq. to 5 × 104 Ω/sq. within 30 min of irradiation 
(Zhao et al., 2002). This difference may be the result of the plasma polymerized aniline 
being a very thin, highly crosslinked layer comprising predominantly short chains, which 
would contribute to a higher level of Rs.    
 
Figure 6.6 shows the surface resistance of plasma polymerized aniline on the 
pristine LDPE and AAc-g-LDPE after treatment with HClO4. The Rs values of the plasma 
polymerized aniline on both substrates are > 7 × 109 Ω/sq (limit of the instrument used) 
before HClO4 treatment. This shows that the grafted polymerized AAc could not 
effectively protonate the plasma polymerized aniline layer since it is only weakly acidic. 
The Rs decreases to around 108 to 106 Ω/sq. after HClO4 treatment of the plasma 
polymerized aniline on the pristine LDPE and AAc-g-LDPE respectively. In both cases, 
the plasma polymerized aniline becomes more conductive as the RF power increases. This 
decrease in surface resistance is attributed to the increase in thickness of the plasma 
polymerized aniline thin layer with RF power, which has been demonstrated by the UV-
visible absorption spectra (Figure 6.4). The lower surface resistance of the plasma 
polymerized aniline on the AAc-g-LDPE substrate can be attributed to the better adhesion 
strength provided by this substrate which prevents the loss of the plasma polymerized 
aniline during acid treatment.  
 
  133















after acid treatment 
AAc-g-LDPE
RF Power Input (W) 
Figure 6.6 Surface resistance of plasma polymerized aniline on 
pristine LDPE and AAc-g-LDPE after treatment with 1 M 
HClO4 for 30 min, and on PSSA-c-LDPE (without any acid 
treatment).  
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 In the case of aniline plasma polymerized on PSSA-c-LDPE, the surface resistance 
is of the order of 108 Ω/sq. without any acid treatment. This is an indication that the PSSA 
groups may serve to protonate the plasma polymerized aniline to a greater extent than the 
AAc groups due to the stronger acidity of PSSA as mentioned above. However, the Rs 
values of PSSA protonated plasma polymerized aniline are higher than those of the HClO4 
protonated films, consistent with the lowest proportion of –N+- (comparing Figure 6.1e 
with Figure 6.5a and 6.5b). 
 
The XPS results of the plasma polymerized aniline after HClO4 and NaOH 
treatment are shown in Figure 6.7. For plasma polymerized aniline on pristine LDPE, it 
can be seen that there is not much difference in the XPS N 1s spectrum before and after 
the acid/base treatment cycle (Figure 6.7a as compared with Figure 6.1c). Since the signal 
of Cl 2p is very weak, it can be concluded that protonated plasma polymerized aniline has 
been deprotonated successfully after treatment with NaOH for 30 min, and the 
protonation/deprotonation cycle does not change the plasma polymerized aniline structure 
significantly. It is possible that there may be a loss of some plasma polymerized aniline 
during acid/base treatment due to its poor adhesion on pristine LDPE as discussed earlier. 
Thus, the deprotonation reaction and ablation of some plasma polymerized aniline may 
occur simultaneously. When the plasma polymerized aniline on the AAc-g-LDPE was 
subjected to HClO4 followed by NaOH treatment for 30 min, the deprotonation process 
appears to be slower than that observed with the plasma polymerized aniline on pristine 
LDPE. From Figure 6.7c and 6.7d, it can be seen that there is still a substantial proportions 
of -N+- and ClO4- units on the plasma polymerized aniline surface after NaOH treatment 
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Figure 6.7 XPS N 1s and Cl 2p core-level spectra of aniline plasma 
polymerized at RF power of 35 W after HClO4 and NaOH treatment, 
(a) and (b): pristine LDPE, 30 min NaOH treatment; (c) and (d): 
AAc-g-LDPE, 30 min NaOH treatment; (e) and (f): AAc-g-LDPE, 
24 h NaOH treatment. 
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is completed as shown in Figure 6.7e and 6.7f where the -N+- is much reduced and the 
ClO4- signal is no longer detectable. The greater ease in which the plasma polymerized 
aniline on the pristine LDPE undergoes deprotonation upon NaOH treatment can be 
attributed to the loss of the surface layers of plasma polymerized aniline due to the poorer 
adhesion. 
 
The plasma polymerized aniline after HClO4 and NaOH treatment were also 
subjected to SEM and AFM analyses as shown in Figure 6.8. From Figure 6.8a, it can be 
clearly seen that there are many “particles” and “bubbles” distributed on the surface of the 
plasma polymerized aniline on the pristine LDPE after treatment with HClO4. These 
structures are not observed in the SEM images of pristine plasma polymerized aniline 
(Figure 6.3a). The bubbles are around 1 µm or less in diameter, and Cruz et al. have 
reported the presence of bubbles of 1 to 6 µm but not that of the smaller particles seen in 
Figure 6.8a (Cruz et al., 1997). These bubbles have been attributed to the agglomeration of 
aniline monomers or oligomers trapped in the plasma polymerized aniline layer during the 
plasma polymerization process (Cruz et al., 1997) and the particles may be of a similar 
nature. After NaOH treatment, the bubbles disappeared and the surface shows a more 
wrinkled nature. It is possible that the top-most layers of the plasma polymerized aniline 
are lost during each step of the aqueous  treatment which would first expose and then 
eventually eliminate the bubbles. The roughness values (Ra) increase from 11.7 nm 
(Figure 6.3b) to 39.9 nm (Figure 6.8b) after acid treatment, and to 85.1 nm (Figure 6.8d) 
after a complete acid/base cycle. For the plasma polymerized aniline on AAc-g-LDPE, the 
surface also becomes more wrinkled due to the effects of aqueous treatment (Figure 6.8e 



















Figure 6.8 SEM and AFM images of aniline plasma polymerized at 
RF power of 35 W after HClO4 and NaOH treatment, (a) and (b): 
pristine LDPE, after HClO4 but before NaOH treatment; (c) and 
(d): pristine LDPE, after HClO4 and NaOH treatment; (e) and (f): 
AAc-g-LDPE, after HClO4 but before NaOH treatment; (g) and (h): 
AAc-g-LDPE, after HClO4 and NaOH treatment. 
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treatment. Again, a plausible reason is the good adhesion between plasma polymerized 
aniline and the AAc-g-LDPE substrate prevents the loss of the top-most layer, and the 
existence of any bubbles or particles inside the plasma polymerized aniline layer would 
not be exposed. The Ra decreases from 32.9 nm for the pristine plasma polymerized 
aniline film on the AAc-g-LDPE substrate to 12.8 nm and 16.4 nm after the acid treatment 
and acid/base cycle respectively, since the folds are more evenly distributed in the latter 
than in the pristine plasma polymerized aniline as shown in Figure 6.3c and 6.3d. 
 
 The XPS Au 4f and Pd 3d core-level spectra of the reduced plasma polymerized 
aniline (using RF power of 35 W) on AAc-g-LDPE after reaction with AuCl3 (100 ppm in 
0.5 M HCl) and Pd(NO3)2 (100 ppm in 0.5 M HNO3) for 180 min are shown in Figure 6.9. 
In Figure 6.9a, the component peak of Au 4f at 84 eV confirms the presence of Au0 
(Chastain, 1992). Thus, the plasma polymerized aniline has a similar ability as the 
chemically synthesized polyaniline to reduce Au(III) to Au0 (Chapter 3). The sheet 
resistance of this metallized plasma polymerized aniline on AAc-g-LDPE goes down to 
about 108 Ω/sq.. This may be due to the combined effect of the gold deposit and the 
protonation due to the acidic medium. The Pd 3d core-level spectrum in Figure 6.9b 
shows a dominant peak at 338 eV which is attributed to the Pd(II) species, while the 
smaller peak at 335 eV is attributed to Pd0 (Chastain, 1992). It is quite clear that the Pd(II) 
is the main state of the palladium deposited on the plasma polymerized aniline surface. 
This result is rather different with what we reported earlier where Pd(II) can be reduced to 
Pd0 by chemically synthesized polyaniline in the fully reduced state in the form of powder 
or free-standing film after 180 min (Figure 3.4, Chapter 3). The plasma polymerized 
aniline comprises shorter chains than the chemically synthesized polyaniline and the
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Figure 6.9 XPS Au 4f and Pd 3d core-level spectra of reduced plasma 
polymerized aniline on AAc-g-LDPE after reaction with: (a) AuCl3
for 180 min, and (b) Pd(NO3)2 for 180 min. 
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ability of the former to reduce the metal salt is decreased. The degradation of the fully 
reduced thin film due to hydrolysis reactions (Neoh et al., 1997) may also occur and since 
the products of the degradation process are soluble, this process results in a loss of 
reaction sites (amine groups). As a result, the Pd species may complex with polyaniline 
rather than undergo complete reduction to the metallic state (Neoh et al., 1997). The 
reduction of AuCl3 by polyaniline proceeds much more readily than the equivalent process 
observed with Pd(NO3)2 is attributed to the reason mentioned earlier (Section 3.3.1 and 
3.3.2, Chapter 3). 
 
6.1.4 Conclusion 
The plasma polymerization of aniline monomer results in structures which are 
different from those obtained using conventional chemical and electrochemical synthesis 
methods. This is attributed mainly to the formation of oligomers and substitutions of 
benzene rings which result in some –NH2 groups remaining unreacted during the course of 
polymerization. The thickness of the plasma polymerized aniline layer is observed to 
increase as the RF power increases from 5 W to 35 W. The use of the AAc graft 
copolymerized on LDPE enhances the adhesion between the plasma polymerized aniline 
layer and the LDPE substrate very significantly, compared to that obtainable with pristine 
LDPE. This enhancement in adhesion prevents the loss of the plasma polymerized aniline 
during treatment in aqueous solutions. Electrical conductivity can be induced in the 
plasma polymerized aniline through protonation by acid solutions although the level of 
conductivity is significantly lower than that achievable with chemically synthesized 
polyaniline. The aniline plasma polymerized on PSSA coated LDPE also shows the same 
degree of conductivity without additional acid treatment due to the interactions of the 
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plasma polymerized aniline with the PSSA groups. Although UV irradiation can induce 
chemically synthesized polyaniline to react with the viologen-g-LDPE substrate to 
significantly increase its conductivity, this is not the case with the plasma polymerized 
aniline, probably due to the extensive crosslinking and the short chains in the latter. The 
plasma polymerized aniline on AAc-g-LDPE can react with AuCl3 and Pd(NO3)2 in acid 
solutions, resulting in the deposition of Au0 and Pd(II) respectively on the plasma 
polymerized aniline surface. The present work has shown that adherent thin films of 
plasma polymerized aniline can be conveniently formed on the surfaces of substrates 
through the plasma polymerization technique. As an extension of this chapter, the pattern 
formation of electroactive polymers on a nanoscale using plasma polymerization will be 
described in Chapter 7. 
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6.2 Comparative Study of Chemically Synthesized and Plasma Polymerized Pyrrole 
and Thiophene Thin Films 
6.2.1 Introduction 
 Since the plasma polymerized aniline possesses very interesting properties as 
shown in Chapter 6.1, the plasma polymerization technology was extended to the 
preparation of other important conductive polymers, such as plasma polymerized 
pyrrole/thiophene. In this chapter, chemically synthesized and plasma polymerized 
pyrrole/thiophene were compared from the point of chemical structures. In addition, the 
doping of plasma polymerized pyrrole/thiophene with iodine investigated as a mean to 
impart conductivity. 
 
6.2.2 Experimental Section 
6.2.2.1 AAc-graft Copolymerized LDPE (AAc-g-LDPE) 
 The procedures are described in Section 5.2.1. 
 
6.2.2.2 Chemical Synthesis of Polypyrrole and Polythiophene 
Polypyrrole 
0.15 ml of liquid bromine (Riedel-de Haen) was added to 250 ml of acetonitrile 
(Merck) and then 0.7 ml of pyrrole monomer (Aldrich) was added into the acetonitrile 
solution with vigorous stirring. An oxidant to monomer molar ratio of 1:5 was used in the 
synthesis according to the procedures reported earlier (Arshady, 1997). The precipitate 
was collected by means of filtration. It was rinsed thoroughly with copious amount of 
acetonitrile, carbon tetrachloride (CCl4) and methanol (CH3OH) consecutively. The black 
polymer powder was dried in a vacuum by pumping for at least 6 hours.  
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Thin film coatings of polypyrrole on pristine LDPE and AAc-g-LDPE substrates 
were obtained by immersing the LDPE films into the polymerizing solution immediately 
after the pyrrole monomer was added for 8 hours at room temperature. The films were 




The polymerization method used in this case was according to the method of Hotta 
et al (Hotta et al., 1988). Hence, 0.02 M 3-methylthiophene (Aldrich) was selected as the 
monomer and 0.06 M pulverized FeCl3 as the oxidant. The reaction medium was 200 ml 
chloroform and this reaction was carried out under N2. The reaction mixture was later 
poured into an excess amount of methanol after 48 h to precipitate the polythiophene 
powder. Further purification was done by Soxhlet extraction with methanol. 
 
In a similar manner as described above for polypyrrole, chemically synthesized 
polythiophene can also be coated onto both pristine LDPE and AAc-g-LDPE. The LDPE 
films were also immediately immersed into the reacting mixture after the thiophene 
monomer, 3-methylthiophene, was added, for 48 h followed by Soxhlet extraction with 
methanol. 
 
6.2.2.3 Plasma Polymerization of Pyrrole and Thiophene 
The conditions of plasma polymerization, such as RF power, pre-treatment time 
and polymerization time etc., were described in 5.1.4. 
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After the completion of the plasma polymerization process, the films were exposed 
to air and stored in a dry box. The characterization and other experiments were carried out 
as soon as possible. 
 
6.2.2.4 Doping of Plasma Polymerized Monomers with Iodine 
The plasma polymerized pyrrole and thiophene were doped by iodine in order to 
introduce charge carriers into the plasma polymerized structures to render them 
conductive. The samples on different substrates were doped by placing them in a sealed 
container containing iodine crystals for 20 minutes. Only plasma polymerized samples 
needed to be doped since during chemical polymerization, in-situ doping was achieved 
and no additional doping step was required.  
 
6.2.2.5 Film Characterization 
XPS measurements were the same as in Section 5.2.5. 
 
FTIR and SEM measurements were the same as in Section 4.2.6. 
 
The thickness measurement was the same as in Section 6.1.2.6. 
 
To study the adhesive properties of the polymer film on the LDPE substrate, 
chemically synthesized polypyrrole and polythiophene, and plasma polymerized pyrrole 
and thiophene polymeric films on both pristine and AAc-g-LDPE were immersed in water 
for varying periods of time. The films were taken out periodically and the UV-visible 
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absorbances were measured. The UV measurement was carried out in the same manner as 
in Section 4.2.6. 
 
The water contact angle of the plasma polymerized pyrrole and thiophene films 
were measured by the sessile drop method using a telescopic goniometer (Rame-Hart, 
Model 100-00-230). 
 
6.2.3 Results and Discussion 
6.2.3.1 Characterization of Plasma Polymerized Pyrrole and Thiophene 
The XPS N 1s core-level spectra of the chemically synthesized polypyrrole powder 
and plasma polymerized pyrrole obtained using 35 W of RF power on different substrates 
are compared in Figure 6.10. The N 1s spectrum in Figure 6.10a can be deconvoluted into 
a component peak at 399.7 eV, attributed to the −NH− groups of polypyrrole, and a higher 
binding energy (> 401 eV) tail due to positively charged nitrogen (Tan et al., 1989). The 
most obvious differences between Figure 6.10a, Figure 6.10b and Figure 6.10c are 
associated with the 397.7 eV peak attributed to the ─N═ group which is present in the 
plasma polymerized pyrrole (Figure 6.10b and 6.10c) but not in the chemically 
synthesized polypyrrole (Figure 6.10a), and the presence of the ─N+─ groups in the 
chemically synthesized polypyrrole but not in the plasma polymerized pyrrole. These 
differences between the structures of the chemically synthesized polypyrrole and plasma 
polymerized pyrrole are due to the different mechanisms of the two processes. In the case 
of polypyrrole synthesized by chemical means, the polymer is doped by the oxidant 
(bromine) to result in 26% of the nitrogen being positively charged. This proportion of  
positively charged nitrogen is within the range of 25% to 30% reported by Kim et al (Kim 
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Figure 6.10 XPS N 1s core-level spectra of (a) bromine doped 
chemically synthesized polypyrrole powder; and pyrrole plasma 
polymerized at RF power of 35 W on (b) pristine LDPE, and (c) 
AAc-g-LDPE. The plasma polymerization time is fixed at 5 min. 
The wide scan of the sample in Figure 6.10b is given in the inset. 
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et al., 1996). In plasma polymerization, electron bombardment from glow discharge can 
create free radicals that subsequently react with adjacent molecules or other free radicals. 
The reaction of such radicals with molecules initiates the polymerization process, and the 
reaction with other free radicals leads to the formation of oligomers. No positively 
charged nitrogen is created or introduced. Hence, peaks at binding energy > 401 eV 
cannot be found in the N 1s spectrum of plasma polymerized pyrrole. 
 
The wide scan of the plasma polymerized pyrrole (at a RF power of 35 W) is 
shown in the inset of Figure 6.10b. A strong signal at ~ 530 eV attributable to O 1s is 
observed. Since the plasma polymerized samples are exposed to air after the 
polymerization process, surface reaction with oxygen is likely to occur. Deconvolution of 
the O 1s peak indicates that the predominant groups are O=C and O-C. 
  
Figure 6.11 shows the XPS N 1s core-level spectra of plasma polymerized pyrrole 
synthesized at different RF powers on two different substrates after doping with I2. In 
comparison with Figure 6.10, there are new peaks at > 401 eV attributed to the positively 
charged nitrogens (Tan et al., 1989). It is well known that plasma polymerized pyrrole can 
be doped with I2 to induce conductivity, as reported by Cruz et al (Cruz et al., 1999). It 
can be seen from Figure 6.11a to 6.11c that the increase in RF power does not have a 
significant effect on the N+/N ratio (which varies between 0.20 to 0.25). From Figure 
6.11d to 6.11f, it appears that the N+/N ratio for the samples prepared on the AAc-g-LDPE 
is slightly higher than the corresponding samples prepared on pristine LDPE. It is also 
clear from Figure 6.11 that the imine groups remain after I2 doping (unlike the case of 
chemically synthesized polypyrrole doped by halides). Thus, the –N+- species are likely to 
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Figure 6.11 XPS N 1s core-level spectra of pyrrole plasma 
polymerized at different RF powers on different substrates after 
doping with I2 for 20 min: on pristine LDPE, (a) 5 W, (b) 20 W, 
(c) 35 W; and on AAc-g-LDPE, (d) 5 W, (e) 20 W, (f) 35 W. 
The polymerization time is fixed at 5 min. 
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be formed from amine groups which are oxidized by I2 during doping process. From the 
results of surface resistance measurement (to be discussed below), the conductivity of 
plasma polymerized pyrrole is much less stable than that of chemically synthesized 
polypyrrole. Since the conductivity is related to the –N+- species, it can be postulated that 
the charge transfer complex formed from such –N+- species in plasma polymerized 
pyrrole is not as stable as in chemically synthesized polypyrrole.  
 
The FTIR absorption spectra of the chemically and plasma polymerized pyrrole 
(pristine and doped) at different RF powers are shown in Figure 6.12. In the spectrum of 
chemically synthesized polypyrrole (Figure 6.12a), all characteristic peaks of the pyrrole 
functional groups can be seen. The broad peaks at about 3450 cm-1 is the typical N─H 
stretch and the peak at about 1530 cm-1 corresponds to the C=C and C=N in-plane 
vibrations in the pyrrole structures (George, 2000). Amine salts may also contribute to the 
absorbance in the 1530 cm-1 region. The peak at about 1312 cm-1 is attributed to the 
secondary amines C─N stretching (George, 2000). The peaks at 790 and 913 cm-1 are a 
combination of a number of absorptions corresponding to NH2 wag, symmetric C─N─C 
stretching or its deformation (Cruz et al., 1999). In the FTIR spectra of plasma 
polymerized pyrrole (Figure 6.12b to 6.12d), the different absorptions corresponding to 
alkenes which resulted from broken rings also contribute as peaks between 500 cm-1 and 
1000 cm-1 (Cruz et al., 1999). When the pyrrole rings are broken, branching and 
crosslinking reactions tend to occur predominantly. Thus, primary, secondary or even 
tertiary amines may appear in the plasma polymerized sample which makes the absorption 
complicated in this range. The appearance of peaks at about 724 and 782 cm-1 and 
disappearance of peak at about 913 cm-1 is also likely to be due to different substitution 
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Figure 6.12 FTIR spectra of chemically synthesized polypyrrole, 
plasma polymerized pyrrole at different RF powers, and iodine 
doped pyrrole plasma polymerized at RF power of 35 W. 
 151
effects. In plasma polymerized pyrrole at different RF powers, the peak at about 1530 cm-1 
is split into two or three peaks. This is an indication of the complex absorption due to 
branching, crosslinking and other interactions. The spectrum of the iodine doped plasma 
polymerized pyrrole (Figure 6.12e) has peaks which are largely similar to those of the 
pristine plasma polymerized pyrrole. However, the 1530 cm-1 peak is enhanced and 
appears as one large peak instead of the multiple peaks in Figure 6.12b to 6.12d. This 
feature is more similar to that of chemically synthesized (doped) polypyrrole (Figure 6.12a) 
and is attributed to the absorbance of similar groups as mentioned above. In addition, there 
is a decrease in intensity of peak of the 3450 cm-1 peak which is associated with the N-H 
band (Cruz et al., 1999). This may support the XPS results which indicate that amine 
groups are the source of –N+- species. While the XPS results indicate the formation of 
oxidized carbon in the plasma polymerized film, the presence of such groups is not 
obvious from the FTIR spectrum. This is due to the highly surface sensitive nature of the 
XPS technique. 
 
The XPS results of the chemically synthesized polythiophene powder and plasma 
polymerized thiophene on different substrates were also compared. The S 2p core-level 
spectrum of chemically synthesized polythiophene can be deconvoluted into at least two 
spin-orbit-split doublets (S 2p3/2 and S 2p1/2), with the BE for S 2p3/2 peaks lying at about 
163.6 and 164.6 eV which are attributed to the neutral sulfur units and positively charged 
sulfur atoms, respectively (Kang et al., 1991). However, due to the small difference in BE 
between the different sulfur species, the S 2p spectra of the plasma polymerized thiophene 
cannot be deconvoluted with a high degree of confidence.  
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Figure 6.13 shows the FTIR spectra of chemically synthesized polythiophene and 
pristine and iodine doped plasma polymerized thiophene. In the spectrum of chemically 
synthesized polythiophene (Figure 6.13a), there are several low intensity peaks in the 
range of 2800-3100 cm-1 which can be attributed to the aliphatic and aromatic C-H 
stretching vibrations (Wang and Rubner, 1990; Wang, 1996). The absorption in this region 
is obscured by the bipolaron absorption of doped polythiophene. The range of 600-1500 
cm-1 is the fingerprint region of polythiophene. The peak at about 825 cm-1 represents the 
aromatic C-H out-of-plane deformation mode, while other peaks in this region are 
attributed to the ring stretching modes, methyl deformation, aromatic C-H in-plane and 
out-of-plane deformations (Wang, 1996). Since the fragments, radicals and ions formed in 
the plasma process can initiate the branching and crosslinking reactions, the peaks in the 
FTIR spectra of plasma polymerized thiophene (Figure 6.13b to 6.13d) are shifted as 
compared to the chemically synthesized polythiophene. There are four dominant peaks in 
the spectra of plasma polymerized thiophene at about 708, 2300, 2925 and 3275 cm-1 
which are not observed in the chemically synthesized polythiophene spectrum. The peak 
at 708 cm-1 is an indication of aromatic C-H out-of-plane bending vibrations. The 
absorbance at 2300 cm-1 is in the region where C≡C stretching or S-H stretching (shifted 
by hydrogen bonding) would contribute (Dean, 1995). The broad peak at about 2925 cm-1 
represents the stretching mode of methyl and methylene groups and aliphatic structures 
(Bhat and Wavhal, 1998), while the peak at about 3275 cm-1 can be seen as an indication 
of some terminal acetylene structures of plasma polymerized thiophene (Groenewoud et 
al., 2002). The decrease in the aromatic C-H vibration (at 708 cm-1) and the corresponding 
increase in intensity of the two peaks at 2925 and 3275 cm-1 with increasing RF power 
indicates that fragmentation has occurred (Groenewoud et al., 2002). Since oxidation of 
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Figure 6.13 FTIR spectra of chemically synthesized polythiophene, 
plasma polymerized thiophene at different RF powers, and iodine 
doped thiophene plasma polymerized at RF power of 35 W. 
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the plasma polymerized films upon exposure to air after the polymerization process is 
possible, the increase in the 3275 cm-1 peak may also be due to a higher extent of OH 
formation in the films plasma polymerized at higher power. The absorption frequency at 
3275 cm-1 is lower than that expected for OH groups, but would be consistent with the 
shift due to hydrogen bonding (John, 1995). In an earlier work, it was reported that upon 
iodine doping of plasma polymerized thiophene, the intensities of the peaks at 1450 and 
1520 cm-1 are strongly increased due to the reaction of I2 with residual radicals in the 
thiophene layer to form CH2I or –CI=CH2 groups (Groenewoud et al., 2002). Comparing 
Figure 6.13e and Figure 6.13d, such reactions may not be substantial in the present case 
since the enhancement of these peaks upon I2 doping is small. The FTIR results confirm 
the complex structure of the plasma polymerized pyrrole and thiophene compared to the 
chemically synthesized polymers with rings linked predominantly via the α,α’ positions. 
 
The morphology of thin films of chemically synthesized polypyrrole and 
polythiophene, and plasma polymerized pyrrole and thiophene at different RF powers was 
investigated using SEM as shown in Figure 6.14. The micrographs of the chemically 
synthesized polypyrrole and polythiophene (Figure 6.14a and 6.14e respectively) show 
there are particles ranging from 0.1 to 0.5 µm as well as larger clumps of particles. The 
size of these particles is determined by external growth due to polymerization as well as 
agglomeration of the particles formed in the aqueous phase during the polymerization 
process. From Figure 6.14b to 6.14d, it can be seen that the morphology of the plasma 
polymerized pyrrole layer is greatly affected by the RF power. At low RF power, a 
wrinkled layer is observed. As RF power increase, the surface takes on a smoother 
appearance but bubble formation is observed at higher RF power. The bubbles in the 
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Figure 6.14 SEM images of chemically synthesized (a) polypyrrole 
and (e) polythiophene; and plasma polymerized pyrrole and 
thiophene at different RF powers on pristine LDPE, (b) and (f) 5 W; 
(c) and (g) 20 W; (d) and (h) 35 W. 
pyrrole film plasma polymerized at RF 35 W may be due to the agglomeration of free 
radicals trapped between different as-synthesized “polymer” layers (Cruz et al., 1999). It  
has been reported that a smoother surface can also be obtained by increasing plasma 
polymerization time instead of increasing RF power as shown in Figure 6.14 (Cruz et al., 
1999). The morphology of plasma polymerized thiophene is rather different from that of 
the pyrrole polymer. The polymer layer is much smoother (comparing Figure 6.14f, 6.14g 
and 6.14h with Figure 6.14b, 6.14c and 6.14d) but the size and number of bubbles 
increases as the RF power increases. Bhat et al reported that globular structure can be 
found on the surface of plasma polymerized thiophene at a reaction time of 45 min and the 
size of the globules increases with the time of plasma polymerization (Bhat and Wavhal, 
1998). Thus, the increase in both RF power and plasma polymerization time can decrease 
the smoothness of the plasma polymerized thiophene surface. Nevertheless, it can be seen 
from Figure 6.14 that plasma polymerization can result in a smoother and more uniform 
layer compared to the thin films from chemical synthesis. 
 
The thickness of the plasma polymerized thin films is also significantly affected by 
RF power and plasma polymerization time. The time function has been investigated earlier 
and the film thickness can be expressed as linear functions of the reaction time (Cruz et al., 
1999). Figure 6.15 shows the thickness of plasma polymerized pyrrole and thiophene 
formed on silicon substrate using different RF powers. It is very clear that the thickness 
increases as the RF power increases. The thickness ranges from 29 to 120 nm for pyrrole 
and 34 to 143 nm for thiophene. As mentioned earlier, the increase in the RF power 
increases the bombardment energy on the growing film which can activate those trapped 
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Figure 6.15 Thickness of pyrrole and thiophene plasma 
polymerized on silicon substrate at different RF powers. The 
polymerization time was fixed at 5 min. 
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can then participate further in the polymerization, thereby increasing the thickness of 
plasma polymerized polymeric thin film. This increase in thickness is also demonstrated 
by the  UV-violet absorption spectra as discussed below. It ought to be noted that the 
thickness of the films plasma polymerized on LDPE or AAc-g-LDPE may not be the same 
as that shown in Figure 6.15 since the substrate can affect the growth and adhesion of the 
pyrrole and thiophene thin films (see below). 
 
6.2.3.2 Stability of Chemically Synthesized and Plasma Polymerized Pyrrole and 
Thiophene 
Figure 6.16 shows the UV-visible absorption spectra of plasma polymerized 
pyrrole. There is a dominant peak at around 280 nm which is associated with the 
absorption of amine-like (−NH−) groups (John, 1995). The absorbance of the film 
generally increases significantly with increasing RF power due to the increase in thickness 
as mentioned above. Also, the plasma polymerized pyrrole deposited on AAc-g-LDPE 
gives a higher absorbance than that on pristine LDPE at the respective RF powers. The 
absorbance of the film can be used as a qualitative indicator to monitor the changes in the 
thickness of the deposited plasma polymerized pyrrole film after extended periods in 
water. The effect of water on the adhesion of the pyrrole polymer film on the various 
substrates can be seen in Figure 6.16. For all the samples tested, the absorbance is 
expected to decrease as treatment time in water increases due to the loss of the material 
from the film. From the UV-visible absorption results, it can be seen that for the films 
obtained at higher RF powers (20 W and 35 W) about 50% of the material in the plasma 
polymerized pyrrole thin film on either pristine and AAc-g-LDPE substrates was lost after 
2 h water treatment. A comparison of the SEM images of plasma polymerized pyrrole on 
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Figure 6.16 UV-visible absorption spectra of pyrrole plasma 
polymerized on different substrates after immersion in water for 
various periods of time. 
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the pristine LDPE before and after water treatment for 2 h indicates little change in surface 
morphology. The contact angles of the surface also remain rather constant (~ 70o for 
pyrrole plasma polymerized at 35 W).  
 
The UV-visible absorption spectra of plasma polymerized thiophene on different 
substrates after immersion in water are shown in Figure 6.17. The AAc-g-LDPE substrate 
again gives rise to a thicker polymer layer compared to that on the pristine LDPE. This is 
expected since AAc-g-LDPE can enhance the adhesion between plasma polymerized 
polymeric thin film and substrates as in the case of plasma polymerized aniline (Section 
6.1, Chapter 6) and pyrrole. A thicker layer is also obtained using higher RF power, 
similar to the results with plasma polymerized pyrrole. From Figure 6.17, it can be seen 
that the absorbances of the samples gradually decrease with treatment time in water. For 
treatment time less than 2 h, the loss of materials from the plasma polymerized thiophene 
film seems to be less than that of the plasma polymerized pyrrole films. The SEM and 
contact angle data also indicate no significant change after water treatment for 2 h. The 
plasma polymerized thiophene films are more hydrophobic than the corresponding plasma 
polymerized pyrrole films (contact angle for the plasma polymerized thiophene film at 35 
W is ~ 90o). The more hydrophobic nature of the plasma polymerized thiophene film may 
contribute to the higher degree of stability. However, after 12 h of water treatment, the 
absorbance of the sample plasma polymerized at 35 W on AAc-g-LDPE decreases 
dramatically due to a substantial loss of sample from the substrate. Comparing the results 
in Figure 6.16 and Figure 6.17 with the corresponding plasma polymerized aniline thin 
film (Section 6.1, Chapter 6) it appears that the AAc surface graft copolymer layer has a 
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Figure 6.17 UV-visible absorption spectra of thiophene plasma 
polymerized on different substrates after immersion in water for 
various periods of time. 
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higher degree of interaction with the latter resulting in a more significant effect in 
minimizing the loss of materials in the presence of water. For thiophene plasma 
polymerized at 35W, after the initial 3h, there is some loss of long chain polymers. As a 
result, the dimers or unreacted monomers which were trapped in the film matrix would 
now be more easily lost. These dimers and monomers absorb at < 300nm (Buzarovska et 
al., 2002), and the decrease in the absorption in this wavelength region causes the hump 
observed in Figure 6.17e. 
 
As a comparison, the UV-visible absorption spectra of chemically synthesized 
polypyrrole and polythiophene on different substrates are shown in Figure 6.18. Similar to 
plasma polymerized pyrrole and thiophene, a thicker polymer film can be obtained on the 
AAc-g-LDPE. In Figure 6.18a and 6.18b, the peak at about 310 nm is attributed to the 
amine-like group. Since the UV-visible absorbance band shifts to shorter wavelength with 
shorter conjugated molecular chains in the case of conjugated chromophores, it can be 
concluded that shorter chain polymers are formed by plasma polymerization (comparing 
Figure 6.16 with Figure 6.18) (Gong et al., 1998). Based on the decrease in absorbance, 
about 50% of the polypyrrole thin film on pristine LDPE is lost after 2 h water treatment,  
whereas on AAc-g-LDPE, about 30% is lost. In the case of polythiophene (Figure 6.18c 
and 6.18d), the peak at about 350 nm is attributed to the doped sulfur in the five-
membered rings (Hotta et al., 1988; Sugimoto et al., 1986). The adhesion of the 
polythiophene to the substrate is somewhat better than that of polypyrrole. After 12 water 
treatment, about 34% of the materials is lost for both pristine and AAc-g-LDPE substrates. 
Hence, the effect of the AAc groups on the modified LDPE surface is again not significant 
in this case. 
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Figure 6.18 UV-visible absorption spectra of chemically synthesized 
polypyrrole (a) and (b); and polythiophene (c) and (d) on different 
substrates after immersion in water for various periods of time. 
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            Figure 6.19a shows the surface resistance of plasma polymerized pyrrole on the 
pristine and AAc-g-LDPE after treatment with I2 for 20 min and then exposed to air for 
various periods of time. Before this doping process, the Rs values of the plasma 
polymerized pyrrole on both substrates are > 7 × 109 Ω/sq (limit of the instrument used). 
In the case of the samples plasma polymerized at a RF of 5 W, the Rs is still > 7 × 109 
Ω/sq. even after treatment with I2. This is may due to the very thin pyrrole layer as Sadhir 
et al have reported that samples of 98 nm thickness are too thin for a conductivity 
measurement using the 2-probe method (Sadhir and Schoch, 1993). For pyrrole plasma 
polymerized at RF power of 20 and 35 W on both substrates, the Rs decreases to between 
7 × 107 and 4 × 108 Ω/sq after the doping with I2. However, within 30 min the Rs of  
pyrrole plasma polymerized at 20 W on both substrates and at 35 W on pristine LDPE 
increase to > 7 × 109 Ω/sq. The Rs of plasma polymerized pyrrole at RF power of 35 W on 
AAc-g-LDPE reaches a fairly constant value of 6 × 108 Ω/sq. between 30 min and 2 h, but 
increases beyond the measurement limit of 7 × 109 Ω/sq. after 4 h. It can be concluded that 
the plasma polymerized pyrrole is more conductive if a higher RF power is used since 
more trapped free radicals are activated to polymerize. At the same RF power, plasma 
polymerized pyrrole on AAc-g-LDPE is more conductive than that on pristine LDPE 
substrates. This effect is also attributed to the increase in thickness of the plasma 
polymerized pyrrole thin layer which was demonstrated by the UV-visible absorption 
spectra (Figure 6.16). As a comparison, the surface resistance of chemically synthesized 
polypyrrole thin film on pristine LDPE is also shown in Figure 6.19a. It is clear that the 
conductivity of chemically synthesized polypyrrole (even after extensive washing with 
organic solvents) is much more stable and higher than that of plasma polymerized pyrrole. 
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Figure 6.19 Surface resistance of (a) chemically synthesized 
polypyrrole, and plasma polymerized pyrrole; and (b) chemically 
synthesized polythiophene, and plasma polymerized thiophene. 
Plasma polymerization was carried out at different RF powers on 
different substrates.  Plasma polymerized samples were treated with 
I2 for 20 min and then exposed to air for various periods of time.  
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 Figure 6.19b shows the surface resistance of thiophene plasma polymerized at 
different RF powers on different substrates after treatment with I2 for 20 min and then 
exposed to air for various periods of times. As expected, the Rs of all samples increase as 
the exposure time increases. Similar to the case of plasma polymerized pyrrole, the films 
on the AAc-g-LDPE are more conductive due to the increase in thickness. For samples 
synthesized at RF power of 5 W on pristine and AAc-g-LDPE substrates, the Rs increase 
to > 7 × 109 Ω/sq. after 20 min of exposure to air. The Rs of thiophene films synthesized at 
higher RF powers reach this measurement limit after longer periods of time. Thus, 
compared with plasma polymerized pyrrole, the conductivity of the thiophene film is more 
stable. The chemically synthesized polythiophene (after extensive washing with methanol) 
is more conductive than plasma polymerized thiophene, and the conductivity is also more 
stable.  
  
The decrease in conductivity of plasma polymerized thiophene upon exposure to 
air as shown in Figure 6.19b is consistent with that reported in an earlier work where the 
loss of conductivity is attributed to the diffusion of absorbed iodine from the film 
(Groenewoud et al., 2002). Due to the short polymer chains obtained in the plasma 
polymerized sample compared to the chemically synthesized polythiophene, the charge 
transfer complexes formed in the former is expected to be less stable. In the case of 
plasma polymerized pyrrole, a similar problem of short conjugation as compared to the 
chemically synthesized sample exists. Furthermore, as mentioned earlier, it appears that 
the –N+- species (formed from –NH- groups) in the plasma polymerized pyrrole may not 




The plasma polymerization of pyrrole and thiophene results in structures which are 
substantially different from those obtained using conventional chemical synthesis methods. 
This is attributed mainly to the formation of fragments and trapped free radicals, and 
branching and crosslinking reactions during the course of polymerization. There is a 
gradual loss of materials from both plasma polymerized and chemically synthesized 
pyrrole and thiophene thin films on LDPE and AAc graft copolymerized LDPE substrates 
when these films are immersed in water. However, for both types of polymeric thin films 
obtained from plasma polymerization, the films are smoother and more homogeneous than 
the respective films obtained from in-situ chemical polymerization onto the substrates 
since agglomeration of particles formed from the aqueous phase can increase the surface 
roughness significantly. The thickness of the plasma polymerized thin film is observed to 
increase linearly as the RF power increases under the conditions tested, but at higher RF 
power, “bubble” formation in the film is enhanced. The presence of AAc graft copolymer 
on the surface of the LDPE substrate also enhances the growth of the plasma polymerized 
pyrrole and thiophene films. The as-synthesized plasma polymerized pyrrole and 
thiophene are not electrically conductive and conductivities can be induced through an 
iodine doping process. The conductivity of such films is significantly lower and less stable 
than chemically synthesized polypyrrole and polythiophene due to short conjugation 








ELECTROACTIVE POLYMER PATTERNS WITH METAL 
INCORPORATION ON POLYMERIC SUBSTRATE 
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7.1 Introduction 
It has been demonstrated that the photo-induced reaction between polyaniline 
(PANI) and viologen immobilized on the substrate results in the doping of the polyaniline 
(Zhao et al., 2002). It is also well known that doped and undoped polyaniline have 
different solubilities in organic solvents. Hence, a solvent like NMP (N-
methylpyrrolidinone) can be used with a photolithographic process to generate conducting 
patterns on substrates. In Chapter 6, the use of plasma polymerization to prepare thin film 
of aniline, pyrrole and thiophene polymers was illustrated. In this chapter, plasma 
techniques in combination with the metallization procedures described in earlier chapters 
were investigated for the fabrication of patterns on the micro and nanoscale on the 
surfaces of polymeric substrates through the use of a photomask. 
 
7.2 Experimental Section 
7.2.1 Preparation of PANI-Viologen Film 
The preparation of viologen-graft copolymerized LDPE (viologen-g-LDPE) is as 
described in Section 6.1.2.3. 
 
Polyaniline was coated onto the as-synthesized viologen-grafted films        
(PANI-viologen, 1 cm x 2 cm) by placing the films into a polymerizing mixture of 0.1M 
aniline and 0.025M (NH4)2S2O8 in 500 ml of 1M HClO4. Polymerization was carried out 
for 2h at 0°C. The polymerized films were washed with 1M HClO4 before being washed 
with 0.5M NaOH for 1 h or with doubly-distilled water for 4h to obtain the 50% oxidized 
emeraldine base (EM) thin films. These films were finally dried under reduced pressure. 
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7.2.2 Plasma Treatment of PANI-Viologen Film 
Plasma treatment was carried out using a Samco Basic Plasma Kit (Model BP-1). 
In a typical experiment, the as-synthesized PANI-viologen films were placed on the lower 
electrode. After the system was evacuated to lower than 5 Pa, argon gas was introduced 
into the reactor. During the treatment, the flow rate of argon gas was fixed at 25 ml/min, 
the pressure at 100 Pa, and the RF power at 35 W. Various irradiation times were 
employed to induce the reaction between PANI and viologen. 
 
7.2.3 Pattern Formation via Plasma Polymerization of Aniline 
To prepare plasma polymerized aniline patterns on LDPE substrate, the pre-
cleaned LDPE film was placed on a slide covered by an Al2O3 porous mask (Whatman). 
The Al2O3 mask has pores of 0.2µm and thickness of 60µm. The periphery of the mask 
was sealed with Scotch tape to prevent the diffusion of aniline under the mask. Plasma 
polymerizations were carried out using the same equipment as mentioned above. In a 
typical experiment, the parameters and procedures are the same as described in Section 
6.1.2.4. The polymerization time was fixed at 30 min. 
 
7.2.4 Incorporation of Metals/Metal Ions  
The chemically synthesized PANI-viologen film and plasma polymerized 
polyaniline film were treated with hydrazine (30% wt in water) for 10 min to reduce the 
polyaniline followed by thorough washing with water. The reduced films were then 
immediately pumped dry and immersed in AuCl3 or Pd(NO3)2 acid solutions for 10 min 
followed by thorough washing with water. Standard AuCl3 and Pd(NO3)2 acid solutions 
(100 ppm of metal cations in 0.5 M HCl or HNO3, respectively) were obtained by diluting 
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the concentrated metal acid solutions (1000 ppm of metal cations in 0.5 M HCl or HNO3 
from Merck) with the respective acid. 
 
7.2.5 Sample Characterization 
XPS measurements were described as in Section 5.2.5. 
 
 
 SEM measurements were conducted as described as in Section 4.2.6. 
 
 
 AFM measurements were the same as in Section 3.2.3. 
 
 
 For UV-visible absorption measurement, the equipment was the same as that 
described in Section 4.2.6.  
 
 
7.3 Results and Discussion 
7.3.1 Plasma Treatment of PANI-Viologen Film 
The UV-visible absorption spectra of PANI-viologen films before and after plasma 
treatment are compared in Figure 7.1a. The absorption spectra of EB films before 
irradiation show two absorption peaks at around 325 nm and 620 nm, which are due to π-
π* transition of the benzenoid rings and the exciton absorption of the quinoid rings, 
respectively as expected of PANI in the EB state (Chen and Lin, 1995). After plasma 
treatment the PANI-viologen films showed a slight color change from blue to dark green. 
A new band appears at 430 nm indicating the formation of the polaron/bipolaron 
structures (Cao et al., 1989; Furukawa et al., 1988) which is the characteristic of doped 
and conductive PANI. However, sheet resistance shows that such films are not conductive, 
as will be discussed later. The UV-visible absorption spectrum also showed a blue shift in 
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Figure 7.1 UV-visible absorption spectra of 
polyaniline-viologen film on LDPE after (a) plasma 
treatment at RF power of 35 W, and (b) UV 
irradiation, for various periods of time. 
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the exciton peak (Figure 7.1a). A shift in the exciton absorbance band to shorter 
wavelengths indicates that the effective conjugated length of the molecular chains in the 
conjugated chromophores has been reduced (Gong et al., 1998). Thus, the plasma 
treatment may have resulted in the breaking of the PANI long-chain molecules. The 
PANI-viologen films remained not conductive with a sheet resistance of greater than 1010 
Ω/sq after 30 min of plasma irradiation. 
 
On the other hand, the UV-irradiation of the PANI-viologen film resulted in a 
distinct color change, and the changes in the absorption spectra are shown in Figure 7.1b. 
Upon increasing the time of UV irradiation, there is a decrease in the exciton absorption  
peak intensity and the appearance of new bands at 430 nm and beyond 800 nm. These two 
new bands are due to the formation of the polaron / bipolaron structure and are 
characteristic of doped and conductive PANI (Chen and Lin, 1995). 
 
The XPS N 1s and Cl 2p core-level spectra of the PANI-viologen films before and 
after plasma irradiation are shown in Figure 7.2. The N 1s spectrum of the PANI-viologen 
film before irradiation (Figure 7.2a) shows a typical structure of EM with two major 
components of almost equal intensity at about 398.2 eV and 399.4 eV which are assigned 
to the imine (-N=) and amine (-NH-) species respectively (Tan et al., 1989). The minor 
peaks at BEs greater than 400 eV can be attributed to the positively charged nitrogen on 
the PANI backbone. The presence of these species in EM may be due to some surface 
oxidation (Zhao et al., 2002). From Figure 7.2b, the chlorine signal was found to be 
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Figure 7.2 XPS N 1s and Cl 2p core-level spectra of PANI-
viologen film on LDPE after treatment with plasma at RF 
power 35 W for different times: (a) and (b) 0 min; (c) and 
(d) 10 min; (e) and (f) 30 min; after UV irradiation for 2h: 
(g) and (h). 
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is thicker than 7.5 nm, which is regarded as the probing depth of the XPS technique in an 
organic matrix (Tan et al., 1993). 
 
The N 1s core level spectra after plasma treatment of the PANI-viologen films are 
shown in Figure 7.2c. As the irradiation time increases, the intensity of imine group 
decreases while that of amine group increases. As mentioned above, the long-chain PANI 
structures may be destroyed to form short-chains which may have similar structures as 
plasma polymerized aniline (Chapter 6). From Figure 7.2a, 7.2c and 7.2e, it is obviously 
that the intensity of the positively charged component (N+) does not increase substantially 
with plasma treatment. Thus, the XPS results are consistent with the UV absorption 
spectra (Figure 7.1a) and since the conductivity of PANI is correlated with the N+ 
component, it is clear that viologen and PANI under plasma treatment do not react to 
result in the doping of PANI. As a comparison, the N 1 s core level spectrum of the PANI-
viologen film after UV irradiation is shown in Figure 7.2g. The spectrum clearly shows 
that the proportion of positively charged nitrogen is much higher than those treated by 
plasma. The XPS results of the PANI-viologen film after UV irradiation support the 
inference from Figure 7.1b that the PANI has become doped after UV irradiation. 
 
After plasma treatment, there is an increase in the intensity of the Cl 2p signals as 
shown in Figure 7.2d and 7.2f. The Cl 2p core-level spectra can be deconvoluted into two-
spin-orbit split doublets (Cl 2p3/2 and Cl 2p1/2), with the BE for the Cl 2p3/2 peaks at 198.6 
and 200.2 eV. The higher binding energy component is assigned to covalent chlorine       
(-Cl), while the lower binding energy component is assigned to the intermediate chloride 
species (Cl*), which has been widely observed (Neoh et al., 1991). The increase in the Cl 
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signal of intensity upon plasma treatment may be due to some electrostatic interactions 
with the PANI but this increase in signal intensity is small compared to that observed 
when the PANI-viologen film was irradiated with UV (Figure 7.2h). In this case the 
predominant species in Cl 2 p core level spectrum is the Cl- anions (with the Cl 2p3/2 and 
Cl 2p1/2 peak components at 197 and 198.6 eV). The Cl- anions served as counterions to 
the N+ species to maintain charge neutrality. The greater interactions between the Cl- 
anions and the N+ species of the PANI may result in the PANI coating “sinking in” and/or 
the movement of the Cl- from the viologen layer towards the top PANI layer. 
 
The XPS and UV-visible absorption spectroscopy results indicate that           
PANI-viologen does not undergo similar reactions under UV and plasma treatment. With 
the former, it has been proposed that the viologen dications initially undergo a reduction to 
the radical cations state with concomitant formation of Cl radicals which subsequently 
react with PANI (Zhao et al., 2002). The plasma treatment apparently could not provide 
the same reaction pathway. 
 
7.3.2 Plasma Polymerized Aniline System 
The plasma polymerization of aniline directly onto LDPE substrate as a thin film 
was described in a previous chapter (Chapter 6). As described in Chapter 6, the aniline 
polymer synthesized in this manner has a different structure from polyaniline derived from 
conventional methods. Figure 7.3 shows the SEM and AFM images of aniline plasma 
polymerized through the Al2O3 mask on the LDPE film. Nanosized clusters of plasma 








Figure 7.3 (a) SEM and (b) AFM images of plasma 
polymerized aniline on a Al2O3 masked LDPE. RF power 
is 35 W and the reaction time is 30 min. 
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of Al2O3 thin film. In the plasma polymerization process, there may be growth of the 
aniline on the inner surface of the pores, similar to the process observed in oxidative 
polymerization in solution medium reported earlier (Martin, 1995). This would result in 
smaller than expected polymer clusters on the substrate. 
 
7.3.3 Incorporation of Metals/Metal Ions  
The plasma polymerized aniline nanoclusters after the reaction with AuCl3 and 
PdCl2 solutions show different results (Figure 7.4). It is quite clear that the Pd(II) is the 
main state of the palladium deposited on the plasma polymerized aniline surface, whereas 
the gold deposited mainly is in the metallic state. This difference is attributed to the higher 
reduction potential of AuCl3 (Au3+ + 3 e- → Au and Pd2+ + 2 e- → Pd are 1.42 V and 
0.951 V, respectively) which allows the gold reduction reaction to proceed more readily. 
In another investigation (Zhao, 2004), it was shown that when PANI-viologen 
micropatterns were exposed to AuCl3 and PdCl2 solutions, both gold and palladium are 
reduced to the metallic state. This difference in metallization of the chemically 
synthesized PANI-viologen and the plasma polymerized aniline patterns is consistent with 
the discussions given in Section 6.1.3.2. 
 
7.4 Conclusion 
 The use of Ar plasma was unsuccessful for inducing the doping reaction between 
PANI and viologen. Hence the fabrication of conducting patterns based on photo-induced 
reactions of PANI and viologen is not possible. However, aniline can be plasma 
polymerized through a mask to result in nanosized clusters. The size of such clusters is 
slightly less than that of holes in the mask due to some deposition of the aniline polymer
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Figure 7.4 XPS Au 4f and Pd 3d core-level spectra of polyaniline-
viologen films after treatment with hydrazine and AuCl3 and Pd(NO3)2
solutions are shown in (a) and (b): chemically synthesized polyaniline; 
(c) and (d) plasma polymerized aniline. 
Pd 3dAu 4f (b)(a) 
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on the inner surface of the holes. The micropatterns fabricated by this method can be 













In the investigation of the deposition of Pd on polyaniline (in the lowest oxidation 
state, LM), the state of the deposited Pd on the LM film was found to depend on the 
different Pd solutions. The deposited Pd exists as different Pd states when PdCl2 solution 
is used and mainly as Pd0 when Pd(NO3)2 solution was used. The coordination states of Pd 
in the mixed solution of PdCl2 and Pd(NO3)2 are different from the respective original 
states and the deposition of Pd from the mixed solution proceeds in a manner which is 
different from that observed in either PdCl2 or Pd(NO3)2 solution. With the addition of a 
small amount of AuCl3 in PdCl2 solution (molar ratio of AuCl3/PdCl2 = 0.1), the formation 
of gold-palladium bridged complexes in solution results in the acceleration of the 
deposition of Pd species on the LM surface. Furthermore, the reduction of AuCl3 or Pd 
(NO3)2 by polyaniline, either in NMP solution or in an aqueous medium followed by the 
dissolution of the polyaniline in NMP, gives rise to metal particles in the order of 20 nm to 
200 nm in the organic medium. The critical factors which influence the size of the metals 
particles are the reaction time, reaction medium and initial metal ion to polyaniline ratio. 
 
Following the work mentioned above, the investigation of how nanosized metal 
particles can be deposited on commercial polymeric thin films using polyaniline as 
interphase was carried out. It was demonstrated that the grafting of AAc on LDPE films 
(AAc-graft LDPE) provides better adhesion with the polyaniline film as a result of 
interaction with the AAc-graft copolymerized chains. A higher AAc-graft density can 
increase the adhesion strength significantly. In one method, Pd was deposited from 
Pd(NO3)2 directly on preformed LM thin films on the LDPE substrate. This method results 
in the formation of Pd clusters of 100 nm which eventually merge into a Pd layer on the 
surface of the film. In the second method, the polyaniline powder in LM state was reacted 
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with Pd(NO3)2. The Pd particles deposited on the polyaniline powder surface were cast 
onto the AAc-g-LDPE film. In this manner, the Pd particles distributed in the polyaniline 
matrix rather than confined to the surface region. Both methods show that the Pd layer 
imparts conductivity to the film even after the polyaniline is undoped. However, the Pd 
layer affects the adhesion between polyaniline and LDPE substrate. 
 
In addition to synthesizing nanosized Pd particles on polyaniline, plasma 
technology was employed to synthesize nanostructured conductive polymer thin films. 
From the plasma polymerization of aniline, pyrrole and thiophene, a similar conclusion 
was that the structures of plasma polymerized films are substantially different from those 
obtained using conventional chemical synthesis methods. This is attributed to the 
formation of fragments and trapped free radicals, and branching and crosslinking reactions 
during the course of polymerization. The thickness of the plasma polymerized thin films 
was observed to increase as the RF power increases under the conditions tested, but at 
higher RF power, “bubble” formation in the plasma polymerized pyrrole and thiophene 
film is enhanced. The use of the AAc-g-LDPE instead of pristine LDPE as a substrate 
enhances the adhesion between the plasma polymerized aniline, pyrrole and thiophene 
layers and the substrate. The plasma polymerized aniline, pyrrole and thiophene are not 
electrically conductive but conductivity can be induced through different processes, such 
as doping of plasma polymerized aniline by PSSA coated on the substrate, and doping by 
iodine for plasma polymerized pyrrole/thiophene. However, the level of conductivities are 
significantly lower than those achievable with chemically synthesized polyaniline, 
polypyrrole and polythiophene. 
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Although some characteristics of plasma and chemically polymerized aniline are 
different, the plasma polymerized aniline on AAc-g-LDPE can react with AuCl3 and 
Pd(NO3)2 in acid solutions, resulting in the deposition of Au0 and Pd(II) respectively on 
the polyaniline surface. Furthermore, plasma polymerization of aniline through a mask 
results in nanosized clusters. The size of such clusters is slightly less than that of holes in 
the mask due to some deposition of the aniline polymer on the inner surface of the holes. 
The micropatterns fabricated by this method can also be treated with metal salt solutions 
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